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G protein-coupled receptors (GPCRs) are integral membrane proteins that mediate 

signals to the interior of the cell via activation of heterotrimeric G proteins, which subsequently 

interact with and activate various effector proteins, ultimately resulting in a physiological 

response. GPCRs are involved in a number of behaviours, and have been implicated in such 

processes as drug addiction and neuropsychiatric diseases. To further our understanding of 

the molecular mechanisms involved beyond the known GPCR-endogenous ligand systems we 

endeavored to discover novel GPCRs, in particular opioid and opioid related receptors, 

potentially involved in these processes. In order to achieve this we applied two distinct 

homology cloning strategies to identify the DNA sequences encoding novel GPCRs. Firstly, 

PCR amplification of human genomic DNA and cDNA using degenerate oligonucleotides 

derived from the transmembrane domains (TM) of the opioid and the related somatostatin 

receptors, and secondly, querying publicly available sequence databases using the amino acid 

sequence of known GPCRs. We have discovered a novel family comprised of two receptors, 

named GPR7and GPR8, and a third receptor, named GPR14, that are most closely related to 

the opioid receptors. Our experiments also led to the cloning and successful ligand assignment 

of a novel P2 receptor subtype. named EY4, that selectively binds uridine nucleotides. We 

also report the discovery of three P2Y4 related receptors, GPRZO, GPR34, and GPR35. We 

also successfully identified an additional novel family comprised of three receptors, GPR3, 

GPR6, and GPRIZ, most closely related to the cannabinoid receptors. We also identified a 

novel GPCR, named GPR26, which is activated by high LPA concentrations (ECM = 0.5 

pM). The other receptors we isolated. GPRI, GPR30, GPR32, GPR33 are all related to 



chemoatuactant receptors, and we have identified two related GPCR pseudogenes, (pGPR32 

and rpGPR33. The endogenous ligands for most of these receptors have not been assigned, 

hence they are referred to as orphan receptors, and are useful targets for endogenous ligand 

discovery. Examination of the mRNA tissue expression patterns by Northern blot and in situ 

hybridization revealed that most are abundantly and discretely expressed in the brain, 

suggesting a unique role for each of these receptors in the central nervous system (CNS). 

Fluorescence in situ hybridization (FISH) was performed to assign each gene to a human 

chromosome. The cloning and identification of these novel GPCRs provide a unique 

opportunity for ligand discovery, and is the critical first step in the identification of many novel 

endogenous ligand-receptor systems. 
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1.0  INTRODUCTION 

1 . 1  Structural Features Of GPCRs 

G protein-coupled receptors (GPCRs) are integral membrane proteins that share a 

common molecular archilecture consisting of a single polypeptide chain with an extracellular 

amino terminus, containing seven putative a-helical transmembrane domains (TMs) 

interconnected by extracellular and intracellular loops, and with an intracellular carboxy 

terminus (Fig. 1). The extracellular amino terminus is of highly variable length, it ranges from 

16 amino acids for the a2C-adrenergic receptor (Lomasney et al., 1990 to 394 amino acids for 

the TSH glycoprotein hormone receptor (Parmentier et al., 1989). Generally, consensus sites 

for aspanpine-linked glycosylation are found either in the amino terminal or extracellular 

domains (Fig. 1). The intmcellular carboxy-terminus is also variable in length with no 

predicted carboxy terminus for the gonadotropin releasing hormone receptor (Eidne et al., 

1995) to 164 amino acids for the alB-adrenergic receptor (Cotecchia et al., 1988). The 

carboxy terminus in most cases contains serine and threonine residues located near acidic 

amino acid residues that are potential sites for phosphorylation by G protein-coupled receptor 

kinases (GRKs) (Krupnick and Benovic, 1998). The third intracellular loop is also variable in 

length, for example, this loop in the neurokinin 1 receptor is predicted to be 29 amino acids 

(Yokota et al.. 1989) and 242 amino acids in the M3 actetylcholine rnuscarinic receptor (Peralta 

e t a .  1987). The intracellular loops and the carboxy terminus generally bear potential sites for 

phosphorylation by protein kinase C (PKC) and CAMP-dependent protein kinase (PKA), and 

phosphorylation is important for the regulation of the receptor function (O'Dowd et al., 1992). 

The third intncellular loop is considered to be involved in G protein-coupling, a region 

demonstrated to interact with G proteins (Gudermann et al., 1997). GPCRs contain conserved 

cysteine residues in the first and second extraccllular loops that are believed to form a disulfide 

bridge important in the maintenance of receptor structure (Savarese and Fraser. 1992). Many 

receptors have a cysteine residue near the beginning of their caiooxy terminus that has been 

demonstrated to serve as a site for palmitoylation and may be necessary for formation of a 



fourth intnrellular loop affecting coupling and phosphorylation (Bouvier et al., 1995). Other 

conserved amino acid sequence motifs and amino acid residues are indicated in Fig. 1. GPCRs 

have well conserved proline and aromatic amino acid residues located within the putative TMs, 

including TM2, TM4, TM5, TM6, and TM7 (Probst et al., 1992). which are involved in ligand 

binding and receptor activation (Sealfon et al., 1995; Wess et al., 1993). The highly conserved 

NlDPXY motif located within TM7 has been implicated as a targeting motif for endocytosis 

(Ferguson et al., 1996). The DRY motif located at the carboxy end of TM3 is generally 

conserved between GPCRs (van Rhee and Jacobson et al., 1996) and has been shown to be 

important in receptor activation (Scheer et al., 1996). 

Fig. 1. Schematic representation of a GPCR. Shown are conserved residues, motifs and the 
proposed transmembmne topography. Rectangle represents the plasma membrane, spanned 
seven times by the single polypeptide protein, with an extmcellular amino (NH2) terminus, 
three estlacellular and int~acellular loops, and an intmellular carboxy (COOH) terminus. Sites 
of multiple serine and threonine residues for potential phosphorylation are shown. The 
proposed disulfide bond (-S-S-) benveen extracellular loop 1 and 2 is indicated. 



1.2 Agonists And Their Physiological Effects 

GPCRs x e  the targets for a vast array of endogenous agonists. Small molecules such 

as serotonin, dopamine, noradrenaline, adrenaline, melatonin. and acetlycholine activate 

GPCRs. A number of peptides including ACTH, angiotensin, bombesin, bradykinin, C3a and 

CSa, a and f3 chemokines, cholecystokinin, f3-endorphin, endothelins, formyl-peptide, MSH, 

neuropeptide Y, neurotensin, somatostatin, tachykinins, and vasopressin also interact and 

activate with GPCRs. Molecules such as phospholipids including lysphosphatidic acid, 

sphingosine I-phosphate, platelet activating factor, and prostaglandins all bind to receptors that 

are coupled to G proteins. Adenine and uridine nucleotides are also known to interact with 

receptors in this family. The proteases thrombin and trypsin also interact with GPCRs, 

whereupon by cleaving the amino terminus a tethered ligand is exposed that interacts with the 

transmembrane domains to act as an agonist. Photons of light are also able to interact with the 

opsins located in the retina 

Thus a large array of GPCRs interact with these diverse endogenous molecules. 

GPCRs are expressed in a wide variety of tissues, in very discrete areas, and together with 

their cognate ligands are involved in many different physiological functions. For instance, 

chemokine receptors and their ligands are involved in leukocyte migration (Baggiolini, 1998); 

adrenergic receptors and their ligands mediate several tardiovascular functions including hem 

rate and control of blood pressure; opioid receptors and their ligands are involved in the control 

of pain (Snyder, 1977); and neuropeptide Y receptors and their peptides are involved in feeding 

(Wahlestedt and Reis, 1993). Some GPCRs have been shown to function as co-factors for 

viml infection, a function of the receptor that is independent of the endogenous ligand. For 

example, several receptors, including those that bind chemokines and several of the receptors 

described in this thesis, act as co-receptors for infection of human immuncdefeciency virus 

(HIV) that is independent of receptor activation by its ligand (D'Souza and Harden, 1996). 



1 . 3  GPCR Signal Transduction Pathways 

In response to agonist occupancy, GPCRs mediate signals to the interior of the cell via 

activation of a variety of heterotrimeric G proteins. consisting of a ,  p, and y subunits (Sprang, 

1997). Twenty different genes encode a subunits, six encode B subunits, and 12 encode y 

subunits, but four distinct classes can bz distinguished (Hamm, 1998). One class, referred to 

as Gas, activates adenylyl cyclase; the second class, referred to as Gai, inhibits adenylyl 

cyclase; the third class, referred to as Gaq, activates phospholipase C; and the fourth class, 

referred to as G11-113, is of unknown function (Hamm, 1998). Agonist binding leads to a 

change in receptor conformation which facilitates G protein activation; the exchange of GDP 

for GTPon the G protein a subunit (Bourne, 1997). Activation of heterotrimeric G proteins is 

accompanied by its dissociation into an a subunit and a By dimer both of which subsequently 

interact with and activate various effector proteins. As mentioned above, Gas and Gai have 

opposite effects on the effector protein adenylyl cyclase, and Gaq activates the effector protein 

phospholipase C. Adenylyl cyclase catalyzes the formation of the second messenger CAMP, 

therefore the activation of receptors coupled to Gas leads to an increase in intncellular cAMP 

levels, while activation of receptors coupled to Gai leads to a decrease in intmcellular cAMP " 

levels. Activation of receptors coupled to Gaq activates phospholipase C, which catalyzes the 

formation of the second messengers diacylglycerol (DAG) and inositol triphosphate (lP3). IP3 

is then considered to intenct with receptors located on the endoplasmic reticulum causing the 

release of calcium ions into the cytoplasm. 

GPCRs can also elicit mitogenic signaling (van Biesen et al., 1996). The pathways by 

which GPCRs mediate the activation of the mitogenic pathway is dependent upon the cognate 

G protein to which the receptor couples. Activation through Gai coupled receptors is mediated 

by the By subunits that associate with that a subunit (Faure et al., 1994; Koch et al., 1994; van 

Biesen et al., 1995). Mitogenic signaling by Gai coupled receptors is preceded by the By- 

mediated phosphorylation of non-receptor tyrosine kinases that activate and recruits various 

downstream adaptor molecules (van Biesen et al.. 1995; Gutkind. 1998). Mitogenic signaling 



through Gas  coupled receptors also appears to be mediated by the By-subunits that associate 

with Gai (Daaka et al., 1997). For instance, stimulation of the f32-adrenergic receptor by its ' 

agonist leads to increased CAMP levels through the activation of Gas and the effector protein 

adenylyl cyclase. This leads to activation of PKA which phosphorylates the receptor, 

endowing it with the ability to intemct Gai, and the fly-subunits associated and this a- 

subunits, initiates mitogenic signaling (Daafa et al., 1997). GPCRs that couple to G a q  

activate the mitogenic signaling pathway independent of the fly-subunits, possibly through 

direct phosphorylation by PKC of proteins downstream of the By-subunits (Marais et al., 

1998). 

1.4 Ligand Binding Domains 

Valuable information concerning the structure of the ligand binding sites of GPCRs has 

been obtained through the use of receptor chimeras. Such studies have permitted the rapid 

elucidation of the involvement of specific regions of the receptor in ligand binding. A more 

precise role for the involvement of individual amino acid residues has been elucidated through 

the introduction of site-specific mutations. Given the large variation in the structure, size and 

chemical nature of the cognate ligands for GPCRs, it is not surprising that multiple and 

different binding modes exist for different ligand-receptor pairs. For example, in GPCRs 

predicted to have a large amino terminus, such as the receptors that bind the gonadotropin 

glycoproteins, LH and FSH, the ligand binding site is considered to be located in this large 

extracellular domain. For example, the amino terminus of the FSH receptor, or LH receptor, 

can be expressed alone and still be able to bind their respective ligands kith the same affinity as 

the native receptor (Osuga et al., 1997). 

For GPCRs that bind small molecules, such as nondrenaline, substantial data support a 

location for a ligand binding pocket which resides entirely within a hydrophobic pocket created 

by the transmembrane domains (Strader et al., 1594). For example, single amino acid 

replacement experiments have demonstrated that the aspartic acid residue located within TMD3 



of the BZadrenergic receptor is extremely imponant for agonist binding (Strader et al., 1995). 

Further studies with single amino acid replacement experiments have demonstmted the 

involvement of two serine residues located within TMD5 of the Phdrenergic receptor in 

agonist binding (Strader et al., 1995). 

For GPCRs whose endogenous ligands are peptides, a structurally more complex 

ligand binding pocket is envisioned. Studies with receptor chimeras and site-directed mutants 

of the opioid receptors have revealed a ligand binding pocket that is composed of residues 

located within the extracellular loops in addition to the TMDs. For example, the extracellular 

loops have been shown to be important for binding of opioid peptide agonists to all three 

opioid receptors subtypes (Meng el al., 1995; Onogi et al., 1995; Meng et al., 1996). In fact 

the divergent sequences of the extracellular Imps accounts for the subtype selectivity observed 

with most opioid peptides (Meng et al., 1595; Onogi et al., 1995; Meng et al., 1996). In 

addition, charged residues located within the TMDs have been shown to be critical for ligand 

binding to opioid receptors. For example, a histidine residue located within TMD6 of the p- 

opioid receptor has been shown to be critical in opioid ligand binding, as a mutation of this 

residue to alanine abolishes ligand binding (Surratt et al., 1994; Mansour et al., 1997). Other 

charged residues, including the conserved aspartic acid residue located within TMD2 and an 

aspartic acid residue lcuted within TMD3, also have been shown to be critical for ligand 

binding (Sunatt et al., 1994; Kong et al., 1993). Other residues, such as aromatic residues 

located within TMD3, TMDS, TMD6, and TMD7 also have been shown to play a role in ligand 

binding (Befort et al., 1996). 

1 .5 Regulation Of GPCRs 

Desensitization is an adaptive mechanism in biological systems considered to facilitate 

responsiveness of the cell to successive multiple extracellular stimuli over time. For GPCRs 

the desensitization process appears as a multi-step phenomenon. Two major patterns of rapid 

desensitization have been characterized, namely agonist-specific, also known as homologous 



desensitization and agonist-nonspecific, also known as heterologous desensitization. The tern 

homologous desensitization indicates that when one receptor is activated by the agonist, this 

mechanism desensitizes the subsequent response of the same receptor only, with substantially 

no effect on other receptor systems present in the same cell. Conversely, heterologous 

desensitization indicates that stimulation by one agonist attenuates the response to multiple 

distinct agonists opemting through different receptor types. Phosphorylation is an essential 

step for both homologous and heterologous desensitization, but the molecular mechanisms are 

quite distinct. 

G protein-coupled receptor kinases (GRKs) have been shown to be involved in 

homologous desensitization (Krupnick and Benovic, 1998). Agonist binding to GPCRs leads 

to a confornational change, making it a substrate for phosphorylation by GRKs (Krupnick and 

Benovic, 1998). This strict agonist-binding requirement for GRK phosphorylation makes this 

mechanism strictly homologous in that only the stimulated receptor (agonist occupied) can be 

desensitized. 

Many GPCRs are phosphorylated by the second messenger-dependent kinases, PKA 

and PKC (Albert el al., 1997). The activation of these kinases not only serves to relay the 

signal by their respective effectors to initiate various downstream cellular respnses, but it also 

exerts feedback effects on the system and is involved in the turning off of the signaling from 

the receptors. These two kinases do not discriminate between agonist occupied and 

unoccupied receptors, therefore activation of PKA and PKC is believed to be associated with 

both homologous and heterologous desensitization of GPCRs. Consequently, exposure of 

cells to an agonist that causes PKA or PKC activation potentially results not only in the loss of 

cellular response to that specific agonist but also diminution of cellular responses to various 

other agonists. PKA is positively regulated by CAMP and thus is activated by stimulation of 

receptors that couple to Gas. PKC is positively regulated by DAG and C$' and thus is 

activated by receptors that couple to Gaq. These kinases phosphorylate serine and threonine 

residues in the int~acellular loops and carboxy tails of receptors that conform to a particular 



consensus sequence, and these sites are different from the sites that GRKs phosphorylate 

(O'Dowd et al., 1992). 

1.6 GPCR Gene Discovery 

Only when the DNA sequences encoding GPCRs became available was it realized that 

the family of GPCRs was more diverse and larger than predicted based on pharmacological 

data. The size of the family based on recent estimations is predicted to be comprised of as 

many as 1000 members, representing 1% or the entire complement of proteins in the genome 

(Buck and Axel, 1991). Based on sequence analysis it is clear that the GPCR family m be 

divided into essentially four smaller groups, including, rhodopsin, secretin, metabotropic 

glumate, and olfactory receptors, all of which do not bear any significant sequence identity 

with each other. The receptors referred to here all belong to the rhodopsin-like family, of 

which rhodopsin and the f32-adrenergic recepior are the prototypes (Marchese et al., 1998). 

Table 1 is a list of GPCRs, belonging to the rhodopsin receptor-like family for which the 

cognate ligands have been assigned. Receptors listed in Table 1 are grouped into their subtype 

families, based on the fact that they bind the same endogenous ligand. As will be discussed 

later, this pharmacological division closely parallels the division made based on sequence 

identity. 

1.6.1 Receptor protein purification 

One of the methods of obtaining sequence of a protein is by purifying the protein of 

interest and subjecting it to direct amino acid sequence analysis. Purification of a GPCR is a 

daunting and difficult task, however, once the laborious m k  of purifying a GPCR was 

successful, direct sequencing of the receptor was possible by cleaving the receptor with 

proteases into smaller peptide fmgmen& which are amenable to amino acid sequence analysis. 

Oligonucleotides predicted from the peptide fmgmenls have been used to screen a cDNA libnry 

from a tissue known to express the receptor of interest, and the aminc acid sequence of the 





TABLE. 1. (Continued) 

Receptor Cloning Stralngy Speclea 

rat 
do9 

human 
rat 
rat 
human 
human 

COW 

rat 

rat 

human 
human 

human 
rat 
human 

mouse 

mVJ 

dog 

human 

rat 

mouse 

human 
human 
rat 
mouse 
human 

Xenopus 
human 

Pig 
pig 
rat 
rat 
human 

ACC. NO. 

Ma3096 
Ma7834 

X55758 
M36831 
X53944 
X58497 
X5e454 

X57765 
X57764 

LO2842 

M33536 
M84562 

W4339 
U94322 
AF031522 

M93106 

D90430 
M32701 

U41070 

M1199 

U70622 

X65W 
X65635 

Cholecyatoklnln CCK. 
CholecyaloWnln CCK. 

protein purification 
expresu'on doning 

Wankslal.. 1992 
Kopinet d.. 1992 

Dopamlne D l  
Dopamlne 02 
Dopamlne D3 
Dopamlne 04 
Dopamlne 05 

PCR 
low stringency 
low stringency 
low stringency 
low strigency 

Sunahaa etal., 1990 
Bunrow el 4.. 1988 
sokolon et ai.. 1990 
Van To1 el al.. 1991 
Sunaham el al.. 1991 

Endolhelln Er, 
Endolhelln R. 

expression doning 
expression cloning 

Arai el at., 1990 
Sakuraielal.. 1990 

FolllclbaUmulatlng hormons (FSH) low stringency Sprengel el. al.. 1990 

expression cloning 
low stringency 

Boulay el d.. 1990 
Murphy el al.. 1992 

Galanln typa l  
Galanln Iyps.2 
Galanln type4 

expression cloning 
low stringency 
database 

HabezI.Onoli el d .I994 
Howard 01 a].. 1997 
Wmg el al.. 1997 

PCR Tsutsumi el al.. 1992 

expression cloning 
PCR 

Yamashila el al.. 1901 
Ganlzet al.. 1991 

low stringency Akbar el al.. 19% 

Lutroplnchorlogonadolropln 
hormono (LH-CG) 

protein purification McFalnd et al.. 1989 

PCR Hesht el al.. 1996 

Melanocorlln MC1 
Melanocotdn Me2 

PCR 
PCR 
low stringency 
PCR 
PCR 

Mountjoy el al., 1992 
Mountiw el al.. 1992 

Melanocorlln M U  
Melanosorlln HC4 
Melanocorlln MC5 

uoselli.~ehfuu el al.. 
Gana el al., 1993 
Chhajlanl el al.. 1993 

Melatonin ML,. 
Malatonln ML. 

expression doning 
PCR 

Ebisawa el al.. 1994 
Reppen el al.. 1995 

Muacarlnlc AwUychollne M I  
Muacarlnlc AseUychollne MZ 
Muncarlnfc AwUvchollne M3 

protein purilicalion 
protein purification 
low stringency 
low stringency 
low stringency 

K u b  el al.. 1966a 
K u b  el al.. 1966b 
Banner e l  al.. 1967 
Bonnarela].. 1967 
Banner el al.. 1988 

Mu~carlnlc ~ w l & c h o l l n s ~ 4  
Murcarlnlc AwUychollno M5 



TABLE 1. (Con'thued) 

Cloning Stntagy spes1s. 

rat 
COW 

rat 
human 

rat 
mouse 
human 
human 
ra. 

rat 
rat 

mouse 
mouse 
rat 
human 

human 
human 
human 

human 
human 

human 

guinea pig 

m0uH) 
human 
mouse 
mouse 
moue 
bovine 
human 
human 

human 
mouse 
rat 

Neumklnln NKl (substanw P) 
Neumklnln NK2 (substance K) 

low stringency 
expression cloning 
low slringency 
erpresu'on doning 

Yokolaet al.. 1989 
Masu et a!.. 1987 
Shigemoto el al.. 1990 
Xia el al.. 1992 

Neumklnln NK3 (neummedln K) 
Neumkinln NK4 

low slringency 
low slringency 
expression cloning 
low slringency 
expression cloning 

Eva e l  al.. 1993 
Weinberg el el.. 1996 
Geraldela!.. 1995b 
Bard el al.. 1995 
Geraldetal.. 1996 

~eurOpeitido Y ~4 
Neumpepllde Y YS 

Neurotensln NTRl 
Neumlenaln NTRZ 

expression doning 
low stringency 

Tanaka el al.. 1990 
Chalon el al.. 1996 

Oplold 6 
Oploid r 
Oplold p 
Omhanln 

expression cloning 
PCR 
PCR 

Evans el el.. 1992 
Yasudaet al.. 1993 
Zaslawny el al.. 1994 
Lactowia el al.. 1995 PCR 

low stringency 
low stringency 
prolein purilication 

Nelhans et a!., 1986 
Nalhans el al.. 1886 
Nalhans and Hognes, 1 

Orexln 1 
Orexln 2 

database 
dalabase 

Sakural el al.. 1998 
Sakurai el al.. 1998 

expression cloning 

PIateIe1-~1~1Ivellng Factor expression cloning Honda e l  a!.. 1991 

Prostanold EP, 
Pmatanold EP. 
Proatanold EP, 
Prostanold EP. 
Prostanold DP 
Prostanold FP 
Proatanold IP 
Proatanold TP 

low slringency 
low slringency 
low slringency 
low stringency 
PCR 
PCR 
low slringency 
pmlein purilisstion 

Walabs el al.. 1993 
Regan el al.. 1994 
Sugimolo elal.. 1992 
Honda el al., 1993 
Hirala el al., 1994 
Sugimoto el al.. 1994a 
Boie el al.. 1994 
Hirala el al.. 1991 

expression doning 
low stringency 
PCR 

Vu el al.. 1991 
Nystedl el al.. 1994 
lshihara el al.. 1997 



TABLE 1. (Continued) 

Receptor Cloning Strategy 

Purinoceplor PZY1 
Purinoceslor PZY2 

PCR 
eqression doning 
low stringency 
PCR 
low slringency 
PCR 
low stringency 

guinea pig 
mouse 
chicken 
human 
rat 
Xenopus 
human 

Webb el al.. 1993 
Lust.g €4 al.. 1993 
Webb at el.. 1996 ~urinoceptor ~ 2 ~ 3  

Purinoceplor P2Y4 
Purinoceptor PZY6 
PurinoceDlor MY8 

Nguyen el al.. 1995 
Chanoel al.. 1995 
Eugdirov e l  el.. 1997 
Communi e l  al.. 1997 

Sernlonin 5 M , .  
Sernlonin 5HT,, 
Sernlonln ~ H T , D  
Sernlonln 5HT,. 
Serolonln 5HT, ,  
Serolonln $KT, 
Serotonln 5HT,, 
Serotonln 5HT,  
Ssrntonln 5HT.  
Serolonln 5HTv 
Serolonin 5HT. 
Sernlonin 5HT. 
Serotonin 5HT,  

low stringency 
PCR 
PCR 
PCR 
low stringency 
low stringency 
low slringency 
expression doning 
PCR 
PCR 
PCR 
PCR 
PCR 

Kobilka el al.. 1987b 
Jin e l  el.. 1992 
Ubert at el.. 1989 
McAllister el al.. 1992 
Amlaihy at al.. 1992 
Pritchen el al.. 1988 
Foguelel al.. 1992 
Julius el al.. 1998 
Gerald et al.. 1995a 
PIassaIeI el.. 1992 
Manhes et al.. 1993 
Monsma el al.. 1993 
Shen el al.. 1993 

human 
human 
human 
monkey 
mouse 
rat 
rat 
rat 
rat 
mousa 
mouse 
ral 
rat 

Somatostatin ant, 
Somalostalln 8.1, 
Somaloatatln ash 

PCR 
PCR 

Yamada et al.. 1992 
Yamada el at,, 1992 
Yasuda el al.. 1992 
Bruno el al.. 1992 
O'Carroli el al.. 1992 

human 
human 
mouse 
rat 
rat 

low stringency 
low slringency 
PCR 

Somaloatatin aaL 
Somaloatatln .a4 

Sphlngosine lphoaphata diHeranlial hyb human Hla and Maciag. 1990 

expression cloning mouse Slraub et al.. 1990 

PCR human Parmentier el al.. 1989 

Vasopresaln V,. 
Vaaopreuln V,. 
Vaaopreatin V, 

expression doning 
PCR 
PCR 

Morel el al.. 1992 
Sugimolo e l  el.. 1994b 
Lolailet al.. 1992 

rat 
human 
rat 



entire receptor deduced from the cDNA. This stmtegy was employed to clone the DNA 

sequence encoding several members of the GPCR family. including the p2-adrenergic (Dixon 

et al., 1986). the M1 acetylcholine muscarinic (Kubo et al., 1986). the M 2  acetylcholine 

muscarinic (Peralta et al., 1987). the alB-adrenergic (Cotecchia et al., 1988). and the a2A- 

adrenergic (Kobilka et al., 1987a) receptors. Other GPCRs sequences obtained in this manner 

&listed in Table 1. The advantages offered by receptor purification are that no prior sequence 

information about the receptor is required and that it is specific. However, the laborious nature 

and technical difficulty associated with this method precluded its widespread use as a means of 

obtaining DNA sequences encoding GPCRs. 

1.6.2 Expressi~n cloning 

Another method of obtaining the DNA sequence encoding a GPCR is by expression 

cloning. This method, like protein purification, also does not require any prior sequence 

information about the receptor that is sought. This method involves the preparation of a cDNA 

libmry using mRNA from a tissue rich in the expression of the desired receptor. The cDNA 

library is pooled, RNA winscribed from each pool is injected into Xenoprcr laevis oocytes, and 

ar. electrophysiological assay is performed to detect receptor expression (Murphy, 1996). 

Alternatively, pools of cDNA are Ire-qfected into mammalian cells, and a pharmacological 

assay is performed to detect receptor expression (Murphy. 1998). In each case, the pools are 

subdivided and re-screened until a single positive clone is isolaled. The first two reporis of 

cDNAs encoding GPCRs isolated by expression cloning were the neurokinin 2 (Masu et al., . 

1987), and the serotonin 5-HTX (Julius et al., 1988) receptors. This stntegy has been 

generally been used to isolate the DNA sequence of the first member of a paralogous group, or 

to clone distantly related members of the same paralogous group. GPCRs cloned in this 

manner are listed in Table 1. An advantage of expression cloning is that it is specific, in that, if 

successful, only the DNA sequence encoding the desired receptor will be isolated. Howe\ler, 
. . 



its wide spread use has been hindered because it is a laborious procedure that is technically 

demanding. 

1.7 Homology Cloning 

Once the sequences of the first few receptors were identified, revealing that not only did 

GPCRs share a common topography, more importantly, it was realized that they were also 

related by sequence, suggesting that GPCRs were encoded by genes that belonged to a large 

gene family (recently reviewed in Marchese et al., 1998). This implied that different genes 

within the family possess sufficient sequence identity so that a molecular clone of one could be 

used to isolate others. Hence homology cloning, via various molecular cloning techniques, 

including homology cloning using low-stringency hybridization and PCR with degenerate 

oligonucleotides, and more recently database searching, was adapted as the method of choice 

for isolating the DNA sequence encoding GPCRs, replacing the laborious protein purification 

and expression cloning techniques (recently reviewed in Marchese et al.. 1998). The phnse 

"reverse pharmacology" has been coined to describe the identification of GPCRs via molecular 

cloning techniques, using the receptor it becomes possible to identify the ligand(s) that bind to 

it (Liben et al., 1991). As explained, a receptor isolated via homology cloning techniques is 

referred to as an "orphan" receptor until the endogenous ligand has been identified. 

Approximately 75% of the known GPCRs, that is for which the endogenous ligands have been 

assigned, have been cloned in this manner (see Table 1). and are grouped into families, or 

clusters, based on ligand binding properties. Interestingly, this division based on 

pharmacology parallels the division made based on sequence idend6es (or paralogy). In other 

words, receptors that bind a common endogenous ligand, share more identity to each other 

than they do with receptors rrom other families. In general, the identity shared between 

receptor subtypes is high, greater than 40% overall and greater than 9% when only the TMDs 

are compared, as is the case with the somatostatin receptors (Patel el al., 1995). Although 

some receptor subtypes share low overall identity (between approximately 30% to 35%). the 



notion that receptors that bind a common endogenous ligand share greater identity to each than 

to other receptors still holds. 

1.7.1 Low stringency hybridization 

(i) Cloning paralogues (subtypes) 

The first homology cloning technique applied to the isolation of DNA sequences 

encoding novel GPCRs was low stringency hybridization. Essentially in this method, a DNA 

fragment encoding a known receptor is used as a probe to screen a DNA library under 

conditions that would favour cross-hybridization to the DNA sequence encoding a paralogue, 

or receptor subtype. In order to attempt this method, the DNA sequence of a member of a 

paralogous group must be known. Early in the history of GPCR cloning, researchers relied on 

the DNA sequence of the receptors that were obtained by protein purification, such as the M1 

muswrinic receptor (Kubo et al., 1986a). Once the sequence of the first muscarinic receptor to 

be cloned was reported, researchers immediately designed probes to use in low stringency 

screenings in order to isolate paralogous DNA sequences. For example, the M3 and M4 

muscainic receptor subtypes were cloned by screening a cerebnl cortex cDNA library under 

low stringency hybridization and washing conditions using a probe (a 56-mer oligonucleotide) 

encoding TM2 of the M1 receptor (Bonner et al.. 1987). An additional member of this family 

was identified in a similar manner, except that a larger region of the known receptor was used. 

For example, the M5 muscarinic receptor was cloned by screening a genomic library under low 

stringency hybridization conditions, using a 516-bp fragment encoding TM2 to TM.5 of the MI 

muscarinic receptor (Bonner et al., 1988). These examples illustrate the relative ease and speed 

with which all members of a panlogous group can be cloned using low stringency 

hybridization, and in addition, they senre to illustrate the power of homology cloning in 

identifying paralogues, or receptor subtypes, not known to exist based on classical 

pharmacology data. This latter point is also illustmted with the dopamine receptor family. For 

example, classical pharmacology had identified only two dopamine receptor subtypes, Dl and 



D2 (Kebabian and Calne, 1979). however, molecular cloning led to the identification of five 

mammalian dopamine receptor subtypes (Dl, D2. D3, D4 and D5) (O'Dowd, 1993). As was 

the case with the muscarinic receptors, members of the dopamine receptors family were 

identified by low stringency hybridization. For example, the dopamine D3 receptor cDNA was 

cloned under low stringency screening and washing of a rat brain cDNA library using 

overlapping oligonucleotide probes encoding TMl, TM2 and the first intracellular loop of the 

rat D2 receptor (Sokoloff et al., 1990). The rat W cDNA was isolated by low stringency 

screening of a genomic library using two oligonucleotide probes encoding sequences in TM6 

and TM7 of dopamine receptors D2 and D3 (O'Malley et al., 1992). The dopamine D5 

receptor gene was cloned by probing a human library with a fragment (500 bp) encoding TM2 

to TM5 of the dopamine Dl receptor under high stringency conditions, but under low 

stringency washing conditions (Sunahara et al., 1991). 

(ii) Cloning non-paralogues 

The method of low stringency hybridization has succeeded in isolating DNA sequences 

encoding paralogues, or receptor subtypes, in addition, it has succeeded in isolating DNA 

sequences encoding receptors that belong to different families. For example, a fragment 

encoding the ORF of the $2-adrenergic receptor was used to probe a human genomic library 

under low stringency hybridization conditions, leading to the isolation of a clone that encoded a 

receptor that displayed high identity to the $2-adrenergic receptor, that failed to bind any of the 

ligands tested and was provisionally known as an orphan receptor called G21 (Kobilka et al., 

1987b). This orphan receptor was subsequently shown to encode the serotonin 5HTlA 

receptor (Frielle et al., 1988). 

1.7.2 Polymerase chain reaction 

Following the introduction of the thermostable DNA polymerase (Saiki et al., 1988). 

the utility of the PCR in the cloning of novel receptor genes was realized (Liben et al., 1989). 



For amplification of targeted sequences in the PCR, oligonucleotides are paired to hybridize to 

opposite strands of the template DNA and extended with DNA polymerase. To clone the DNA 

sequences encoding novel GPCRs, degenemte oligonucleotides are designed based on 

sequences from conserved regions of receptor subtypes. Sequences encoding TM2, TM3, 

TM6 and TM7 have been used most frequently to design oligonucleotides due to the high 

identity these region; share between receptor subtypes. The first report describing the use of 

PCR in isolating DNA sequences encoding GPCRs was by Libert et al. (1989). These 

researchers designed degenerate oligonucleotides, derived from sequences encoding TM3 

(%fold degenemcy) and TM6 (64-fold degeneracy) of the p1-, 8%. and a2A-adrenergic, 5- 

HT1A serotonin, the M1 muscarinic, and the substance K receptors (Libert et al., 1989). 

Sequences encoding the 82- and alB-adrenergic, and the SHTlA receptors, and four 

products encoding novel GPCRs were amplified. The novel clones were later identified to 

encode the A1 (Libert et al., 1991) and A% (Furlong et al., 1992) adenosine, the SHTlD 

serotonin receptors (Maenhaut et a]., 1991). and the ligand for the fourth, RDCI, remains 

unknown. 

( i )  Cloning paralogues 

PCR using degenerate oligonucleotides has been widely used to isolate the DNA 

sequence encoding novel GPCRs. Degenemte oligonucleotides designed from conserved 

regions of receptors from the same paralogous group have been used in the PCR to isolate 

additional members of the same paralogous group. For example, additional members of the 

chemokine receptor family were cloned by using degenerate oligonucleotides designed based 

on the sequences of consenred regions of known chemokine receptors. Chemokine receptor 

subtypes cloned in this manner include CCR2 (Cham et al., 1994). CCR4 (Power et al., 

199.5). CCR9 (Nibbs et al., 1997), and CXCR4 (Federsppiel et al., 1993). PCR cloning also 

has proven to be a valuable means for isolating distantly related subtypes that would othenvise 

not be isolated by low stringency hybridization. For example, no DNA probes could have 



been designed based on the DNA sequences encoding serotonin receptor subtypes that would 

have cross-hybridized with the DNA sequence encoding the 5-HT4 receptor in low stringency 

screenings. as the 5-HT4 receptor DNA sequence shares only 4350% nucleotide identity with 

the DNA sequence encoding any other serotonin receptor subtype. However, PCR of cDNA 

with degenemte oligonucleotides designed based on the conserved regions from several 

serotonin receptor subtypes led to the amplification of the distantly related serotonin 5-HT4 

receptor (Gerald et al., 1995).. 

(ii) Cloning non-paralogues 

PCR cloning, like low stringency hybridization, has also permitted the cloning of DNA 

sequences encoding the desired GPCR from other paralogous groups for which no sequence 

information was available, or "cluster jumping" (Murphy, 1996). PCR amplification of DNA 

sequences encoding non-pamlogous receptors, especially at lower annealing temperatures, has 

often led lo the isolation of the first members of a family by using degenerate oligonucleotides 

designed based on conserved regions of related GPCRs and cDNA isolated from a tissue rich 

in the expression of the desired receptor. For example, two cDNAs encoding the somatostatin 

receptors, sstl and sst2, were isolated using human pancreatic islet cDNA as a template using 

the same degenerate oligonucleotides L . J conditions descnkd by Libert et al. (1989) (Yamada 

et al., 1992). Similarly, the cDNA encoding the histamine H2 receptor was isolated from dog 

parietal cells using the same oligonucleotides described above (Gantz et al., 1992). 

1.8 Database Searching 

1.8.1 Expressed sequence tags 

The molecular cloning techniques described above have been widely used to isolate the 

DNA sequences encoding novel GPCRs, but recently the emergence of DNA sequence 

databases has added a new dimension for gene identilication purposes. The advent of high- 
. . 

throughput automated sequencing made it possible to nndomly select many clones from 



plasmid cDNA libraries and to determine the DNA sequence of several hundred bases from 

both ends (Adams et al., 1991). These short DNA sequences are called Expressed Sequence 

Tags (ESTs). EST projects soon emerged when it was recognized that short stretches of DNA 

sequence from cDNAs could be used to identify genes (Gerhold and Caskey, 1996). 

Researchers at The Institute for Genomic Research (TIGR) were among the first to generate 

EST data on a very large scale (Adarns et al., 1991; Adams et al., 1992). Originally, access to 

these data were subjected to restrictions, but recently TIGR released their ESTs to the NCBI 

(National Center for Biotechnology Information) which maintains a publicly available database 

of ESTs (dbEST). Among the largest projects conducted entirely in the public domain include 

an effort funded by The Merck Pharmaceutical Company, which so far has generated sequence 

for more than 528, 000 human ESTs, and a project funded by the Howard Hughes Medical 

Institute, which has produced 216 000 mouse ESTs (Marra et al., 1998). As the EST 

sequences are generated, they are deposited into the NCBI dbEST, and from dbEST into the 

GenBank database (Benson et al., 1998). These efforts are canied out by a collaboration 

between Washington University Genome Sequencing Center (Marra et al., 1998) and members 

of the IMAGE (Integrated Molecular Analysis of Gene Expression) consortium (Lennon et al., 

1996). from whom they are available. 

Sequence divergence at the level of nucleotide sequence can prohibit traditional 

hybridization - or PCR based gene cloning strategies. Computer algorithms are far more 

sensitive for identifying meaningful sequence relationships than DNA hybridization techniques 

(Lipman and Pearson, 1985; Pearson, 1990). making DNA sequence databases an excellent 

data set to search for gene identification purposes (Haseltine, 1997). The dbEST can tc 

queried from the NCBI server on the World Wide Web (http:Ilwww.ncbi.nlm.nih.gov) by 

performing BLAST searches. BLAST (Basic Local Alignment Search Tool) is a sophisticated 

computer prognm capable of rapidly detecting very distant sequence similarities in a 

statistically manner (Al&chul et al., 1990). Typically, a query sequence is sent over the 

Internet to NCBI, where computers compare the sequence with every sequence in GenBank 
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and report the results, usually within minutes. The results consist of a list of matching 

sequences, the scatistical significance of the matches, and alignments between the query and 

matching data-base sequences. dbESTs contain a rich source of DNA sequences encoding 

GPCRs and provide an excellent avenue for isolating DNA sequences encoding novel GPCRs 

(Haseltine, 1997). An example of a GPCR identified through database searching is the human 

C3a anaphylatoxin receptor. It was discovered by EST analysis of cDNA clones derived from 

a human neutrophil (lipopolysaccharide activated) cDNA library using the amino acid sequence 

of the C5a receptor as the query (Ames el al.. 1996). Other receptors that have been cloned in 

this manner are indicated in Table 1. 

1.9 oGPCR Ligand Assignment: Reverse Pharmacology 

Once the DNA sequence encoding a GPCR is obtained by homology cloning 

techniques, the major challenge is to assign a ligand to the encoded receptor. For many orphan 

GPCRs the clue that led to the discovery of their cognate ligand lay in the amino acid sequence. 

For example, the orphan receptor G21 displayed significant identity with the serotonin 5-HT2C 

receptor (Julius el al., 1988) facilitating ligand assignment, and eventual elucidation of this 

orphan as the 5-HTlA receptor (Fargin et al., 1988). Therefore, when the identity between an 

orphan receptor and a receptor for which the cognate ligand is known is significantly high 

(approaching 9% overall at the amino acid level), ligand assignment is facilitated. However, 

in cases where the orphan receptor shares very low amino acid identity with a known receptor, 

ligand assignment is more problematic. In the absence of significant sequence homology, 

mapping the tissue disrribution of a novel orphan receplor can be immediately helpful. For 

example, the cannabinoid receptor CB1, was cloned from a rat cerebral cortex library, using 

an oligonucleotide probe derived from the sequence of bovine neurokinin receptor NKI under 

low stringency conditions (Matsuda et al., 1990). This receptor displayed low amino acid 

identity with known receptors, initially making ligand assignment problematic, as these 

researchers tested many ligands in an attempt to assign a ligand to this receptor. Finally, they 



realized that the mRNA expression of the orphan receptor overlapped with the expression 

pattern of cannabinoid receptors in certain cell lines and in the brain, leading them to test 

successfully cannabinoid ligands (Matsuda et al., 1990). 

As more orphan receptor genes were cloned it became apparent that not only were the 

encoded amino acid identities low when compared with known receptors, but that a paucity of 

endogenous molecules exists. Most of the ligands known to interact with GPCRs have been 

assigned to their cognate receptors, indicating that novel endogenous molecules have yet to be 

discovered. Therefore, reverse pharmacology based on orphan receptors provides a unique 

opportunity for the discovery of novel endogenous molecules and drugs (Stadel et al., 1997). 

Cell lines stably expressing orphan receptors can be assayed for their ability to confer an 

agonist response to biological tissue extracts, with the subsequent purification of the active 

molecule (Civelli et al., 1997). For example, the endogenous peptide for the opioid-like 

orphan receptor OK-1, named orphanin FQ, was purified from brain extracts that inhibited 

adenylyl cyclase stimulation in cell lines stably expressing OK-1 (Reinscheid et al., 1995; 

Meunier et al., 1995). A similar approach was utilized to discover the orexin peptides 

(Saihrai et al., 1998). and the prolactin releasing peptide (Hinuma et al., 1998). which has 

been shown to be the endogenous ligand for an orphan receptor, GPRIO, discovered first by 

our labomtory (Marchese et al.. 1995) and described in this thesis. 

1.10 GPCRs In CNS 

GPCRs activated by a broad range of agents, and located in a wide variety of cells and 

tissue types, indicating that they play roles in a diverse range of physiological processes. 

Therefore, it is not surprising that GPCRs are involved in a variety of pathologies (Lekowitz, 

1993; Clapham, 1993). and are the site of action of many thempeutic drugs (Stadel et al., 

1997). Many of these drugs are known to work on GPCRs localized in the central nervous 

system (CNS), and are used to effectively treat several neuropsychiatric diseases (Hardman 

and Limbird, 1996). For example, antipsychotic drug used in the treatment of schizophrenia, ' 



are antagonists at dopamine receptors and serotonin receptors (Seeman et al., 1996). Also, 

dopamine receptor agonists are used for treatment of Parkinson's disease and cholinergic 

agonist are used for treatment of Alzheimer's disease (Hardman and Limbird, 1996). 

Moreover, GPCRs are also the site of action of many drugs of abuse (Hardman and Limbird, 

1936). For example, opioid drugs are used primarily for the treatment of pain, yet some of the 

CNS mechanisms that reduce the perception of pain also produce a state of well being or 

euphoria, and due to these mood altering effects these drugs are often abused. Other drugs of 

abuse such as LSD and marijuana. exert their physiological effects by intencting with GPCRs, 

including serotonin and cannabinoid receptors, respectively. It is thought that the rewarding 

effects of these drugs, which leads to physical dependence, also occurs through interactions 

with the dopamine receptor system (Schulties and Koob, 1994). Although evidence suggests 

that several known GPCWneurotmnsmitter systems partially underlie the molecular 

mechanisms involved in neuropsychiatric diseases and drug addiction (Koob. 1993). linle is 

known about the involvement of other GPCWneurotransmitter systems. 

1.11 Objectives 

Classical pharmacological studies have revealed the presence of a mutiplicity of opioid 

receptor subtypes, consisting of three major subtypes classified as p, K, and 6, that differ in 

their affinity for various opioid ligands and in their distribution (Simon and Gioannini, 1993). 

Further pharmacological and physiological heterogeneity exists, leading many to suggest that 

additional, although less well characterized, opioid receptor subtypes exist, such as o and E 

(Simon and Gioannini, 1993). Obtaining the DNA sequences encoding the opioid receptor 

subtypes would help resolve the complexity of opioid receptor heterogeneity and futher our 

understanding of the selectivity of opioid ligands, and in addition, it would help us gain 

insights into the signal transduction mechanisms of opioid receptors, and permit a thorough 

anatomical distribution of the mRNAs, providing information on their expression pattern in the 

nervous system. A breakthrough in opioid receptor research occurred in 1992 when a cDNA 



encoding the mouse 8-opioid receptor was discovered via an expression cloning strategy 

(Evans et al., 1999; Kieffer et al., 1992). thus allowing for the first time an opportunity to use 

homology cloning techniques in efforts to clone other opioid receptor subtypes. In addition, 

since homology cloning of GPCRs has usually resulted in the proliferation of receptor 

subtypes, the cloning of the 8-opioid receptor provided an opportunity to discover additional 

opioid receptor subtypes. Moreover, homology cloning of GPCRs has also often led to the 

identification of GPCRs that belong to other closely related subfamilies, therefore the cloning 

of the 6-opioid receptor provided an escellent opportunity to identify receptors related to the 

opioid receptors. Therefore we took advantage of the availability of the DNA sequence 

encoding the 8-opioid receptor, in efforts to isolate the DNA sequences encoding opioid 

receptor subtypes, defined by classical pharmacology, and also to isolate the DNA sequences 

encoding related receptors. 

To meet these objectives, we decided to employ two distinct (see Table 1) homology 

cloning strategies, including the use of the PCR and database searching. A romparison of the 

amino acid sequence of the 8-opioid receptor revealed that it was most closely related to 

somatostatin receptors. especially within the TM regions, in particular TM3 and TM7 (Evans et 

al., 1992; Kieffer et al., 1992). Therefore we designed degenerate oligonucleotides based on 

the compilation of the nucleotide seql nces encoding TM3 and TM7 of the mouse 6-opioid 

receptor and the related human somatostatin receptor subtypes sstl and sst?. By incorporating 

the nucleotide sequences of the somatostatin receptor into the design of the degenerate 

oligonucleotides, we hoped to broaden our search parameters to allow for amplification of 

DNA sequences encoding not only opioid receptor subtypes, but also other related receptors. 

We selected human hippocampus cDNA for the PCR amplification because it is a region 

known to expression the 11-opioid and K-opioid receptor subtypes (Mansour and Watson, 

1993). We also selected to amplify human genomic DNA, because at the time the genomic 

organization of the 8-opioid receptor was not known, many GPCRs are encoded by intronless 

genes. We also decided to conduct several different PCR experiments by varying the annealing 



temperature, to either high, medium or low stringency, to broaden our search for the DNA 

sequences encoding opioid related receptors. Amplified ,products were subcloned into the 

plasmid Bluescript, sequenced and analyzed. PCR products identified encoded rrom TM3 to 

TM7, were radiolabeled and used to screen a human genomic library or cDNA libmy in order 

to obtained a clone encoding the full-length translation open-reading frame. 

Our second search strategy to identify the DNA sequences encoding novel GPCRs was 

searching the database of the publicly available expressed sequence tags. The complete amino 

acid sequence of known GPCRs was used to query the dbEST maintained by GenBank at the 

NCBI by performing BLAST searches. ESTs found to encode novel GPCRs were requested 

from the IMAGE consortium. 

Therefore our objectives were to amplify and isolate the DNA sequence encoding novel 

opioid GPCR subtypes and closely related GPCRs, to assign the ligand, to determine their 

mRNA tissue expression pattern, by northern blot and in situ hybridization analysis, and to 

determine the chromosomal localization of the genes encoding these receptors by fluorescence 

in situ hybridization (FISH) analysis. 



2.0 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Chemicals a n d  reagents 

Acrlyamide was purchased from Caledon. N, N'-bisacrylamide, ammonium 

persulfate, TEMED (N, N. N', N'-tetramethlyethylenediamine) and urea were all purchased 

from ICN. Formamide was purchased from BDH, salmon sperm deoxyribonucleic acid from 

Sigma, glycine from Bio-Rad, dextran sulfate from Caledon, AG@ 501-X8 resin from Bio- 

Rad, ficoll type 400 from Phmac ia ,  bovine serum albumin (pentax fraction V) and 

polyvinylpyrrolidine from Sigma. Agarose and low-melt agarose were purchased from ICN. 

Ethidium bromide, bromophenol bhie and xylene cyanol FF were purchased from International 

Biotechnologies Inc. Saturated phenol was purchased from Toronto Research Chemicals and 

chloroform was purchased from JT Baker. Ethanol and methanol were purchased from 

Consolidated Alcohols Ltd. Sodium chloride, ammonium acetate, potassium phosphate and 

magnesium chloride were purchased from Mallinchrodt. Sodium citmte and potassium acetate 

from J. T. Baker, sodium hydroxide from Anachemia, sodium acetate from BDH. Calcium 

chloride from Fisher Scientific. Ammonium acetate, calcium chloride, potassium chloride, 

potassium hydroxide and magnesium sulphate from BDH. BactdB agar, BactdB tryptone, 

BacbB yeast extmct were all purchased from Difw. Ampicillin was purchased from IBI. 

Maltose from Toronto Research Chemicals. Glucose from BDH. IPTG (isopropyl-I-thio-k 

D-galactoside) and Xgal (5-brom~4-chloro-3-indolyl-~D-galactoside) were purchased from 

BRL. Boric acid, EDTA (ethylenediaminetelracetic acid) and glacial acetic acid were purchased 

from BDH. Tris base was purchased from ICN. Hydrocholoric acid, SDS (sodium dodecyl 

sulfate) were purchased from Bio-Rad. MOPS [3-[N-morpholino]propanesulfonic acid), 

rubidium chloride, gelatin, Zmercaptcethanol. N-lauroylsxcosine and formaldehyde were 

from Sigma. Glycerol and isopropanol were from BDH. Guanidinium thiocyanate was from 

ICN. Adenosine 5'-triphosphate was from Pharmacia. dATP, dCTP, dGTP, and dTTP were 

from Pharmacia The 1-kb ladder was from Life Technologies. Drugs, such as bremazocine, 



haloperidol, naloxone, naltrexone, dopamine, noradrenaline, serotonin, melatonin, GABA, 

histamine, morphine, (+) and (-)ppp, (+). (-)butaclamol, YM09151-2, and mclopride were 

from Sigma 

2.1.2 Enzymes  

All restriction endonucleases and modifying enzymes, such as T 4  DNA ligase, T 4  

polynucleotide kinase, Klenow fragment, alkaline phosphatase, were purchased from 

Pharmacia. Taq DNA polymerase was from Perkin-Elmer Cetus and Pfu polymerase was 

from Stratagene. Proteinase K was purchase from United States Biochemical. 

2.1.3 I so topes  

[a32P]dATP was purchased from ICN. [dSS]dATP or [a35S]dCTP was purchased 

from Amersham. Radiolabeled ligands, such as  [3H]bremazocine, [3H]naloxone, 

[3H]diprenorphine, [3H]MG, [3H]haloperidol, [3H]GBR 12909, [3H]fluphenazine 

[3H]spiperone, [3H]baclofen, [3H]LSD, [3H]WB4101, and [3H]YM-0915lwere purchased 

from Dupont NEN. 

2.1.4 Oligonucleotides 

The oligonucleotdes used for the PCR and DNA sequencing were purchased from the 

Biotechnology Service Centre, University of Toronto. 

2.1.5 K i t s  

The mRNA purification kit was purchased from Pharmacia. The T7SequencingTM Kit 

was purchased from Pharmacia Biochemicals. The nick translation kit was purchased from 

Amersham. NACS P r e p T M  columns were purchased from Bathesda Research Laboratories 

(BRL). Nylon membranes were purchased from Amersham and Millipore. The DNA 



Maxiprep kit was purchased from Qiagen. The Calcium Phosphate Transfection kit was 

purchased from Life Technologies. 

2.1.6 Plasmids and DNA libraries 

Plasmid Bluescript SK- was purchased from Stratagene. The expression plasmids 

pRc/CMV and pcDNA3 were purchased from Invitrogen. Escherichia coli bacteria strains AG- 

1, DHSaF', DlOB were purchased from Stratagene. The hEMBU T71Sp6 human genomic 

library, the hEMBI3 T71Sp6 rat genomic library, the human hippocampus cDNA libmry in 

hgtl I, the rat 5'-stretch brain cDNA library in hgtll were purchased from Clontech. 

2.1.7 Cell lines 

The AMcan Green monkey COS-7 cell line was purchased from the American Tissue 

Type Collection. a-minimal essential medium (a-MEM) and phosphate buffered saline (PBS) 

was purchased from the University of Toronto Media Centre. Fetal bovine calf serum was 

purchased from Canadian Life Technologies. 

2.2 Methods 

2.2.1 Polymerase chain reaction 

The conditions for the PCR were 1 pg of DNA, 1 pg of each primer, PCR buffer (50 

mM KCI, 10 mM Tris-HCI, pH 8.3). 2 mM MgCI?, 1 mM each of dATP, dCTP, dGTP, and 

dlTP and 2.5 U Taq polymerase (Perkin-Elmer Cetus) in a reaction volume of 50 pl. In one 

PCR experiment, human genomic DNA and cDNA was amplified using degenerate 

oligonucleotides derived from conserved regions encoding TM3 (PI, 5'- 

CC(GIA)TGAT(GIC)AGC(G/A~)T(GIC)GA(CTT)CG(AlC)TA) and TM7 (P?, 5'- 

GAAGGC(GIA)TA(GIC/T)AG(G/A)A(CTT)(GICIA)GG(GIA)lT) of the mouse S opioid 

receptor and somatostatin receptor sstl and sst?. The amplification conditions using a Perkin- 

Elmer Cetus thermal cycler were: DNA denaturation at 94'C for 3 min, followed by 30 cycles 
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of denatumtion at 94°C for 2 min, annealing at 5YC,45'C or 38'C (for genomic DNA; human 

hippocampus and striatum cDNA at 55'C and 45'C. respectively) for 2 min and extension at 

72°C for 3 min, with a final extension at 72'C for 7 min. In a second PCR experiment, human 

genomic DNA was amplified by PCR with Taq polymerase and degenerate oligonucleotides 

derived from sequences encoding Th42 (P3, 5'-CTCAA(TIC)(CTT)T(AIG)GC(GIC)AT(ATT) 

GC(G1C)GA) and TM7 (P4, 5'-TAAAG(CIG)ATGGGGTTCA(AfI)GCA(GIA)C(A/T) 

(A1G)l-I') of the C5a anaphylatoxin receptor and the related receptor encoded by gene GPR1. 

PCR conditions were as follows: denatumtion at 94'C for 2 min, annealing at 55'C or 45'C 

for 2 min and extension at 72'C for 3 min, for 30 cycles, followed by a final extension at 72'C 

for 7 min. In a third PCR experiment, human genomic DNA was amplified by PCR with Taq 

polymerase and degenemte oligonucleotides derived from sequences encoding TM3 (P5, 5'- 

GT(GIC)ATGAG(TIC)G(TK)(G/AIC)GACCG(CIA)TA) and TM7 (P6, 5'-GGGGTT(G1C) 

AGGCA(GIC)(GIC)(T/A)GTT) of the opioid-like and somatostatin-like receptors GPR7 and 

GPR8. PCR conditions were as follows: denaturation at 94°C for 3 min, annealing at SYC, 

50'C and 42'C for 2 min and extension at 72'C for 3 min, for 30 cycles, followed by a 7 min 

extension at 7272. 

2.2.2 Searching the EST datab: ? 

The expressed sequence tag data base (dbEST) maintained by the National Center for 

Biotechnology Information (NCBI), was queried with the complete amino acid sequence of 

GPCRs, using the sequence similarity search program TBLASTN (Altxhul et al., 1990). The 

EST sequences that were returned having statistidly significant scores were examined further. 

The returned alignment of the conceptualized amino acid sequences of the EST sequences with 

the query sequence were examined to eliminate from further consideration those !.?ST 

sequences that represented known GPCRs. The amino acid sequences of the EST sequcnces 

thus filtered were used to query the full data set of sequence in the GenBank database (Benson 

et al., 1998). and those sequences that showed high identity to a known GPCR were retained. 



For one of the ESTs that met this criteria, oligonucleotides were designed based on sequence 

encoding the EST, and used to amplify human genomic DNA under the following PCR 

conditions: 1 pg of DNA, 1 pg of each primer, PCR buffer (SO mM KCI, 10 mM Tris-HCI, 

pH 8.3). 2 mM MgCI2, 1 mM each of dATP, dCTP, dGTP, and dTTP and 2.5 U Taq 

polymelase (Perkin-Elmer Cetus) in a reaction volume of 50 pl. The amplification conditions 

using a Perkin-Elmer Cetus thermal cycler were: DNA denaturation at 94'C for 3 min, 

followed by 30 cycles of denaturation at 94'C for 4 5  sec, annealing at 5YC for 4 5  sec and 

extension at 72'C for 1 min, with a final extension at 72'C for 7 min. The sequences of the 

primers were: sense primer, 5'-ACTACT GTCCCATGGATGAA and antisense primer, 5'- 

TAGCGATCCAAACTGATG. Two other EST cDNAs that met these criteria were requested 

from the IMAGE Consortium (Lennon et al., 1996). When the clones were received, the 

reported nucleotide sequences were verified by sequencing both ends of the cDNA. 

2.2.3 Subcloning of PCR products 

The PCR products were separated by electrophoresis on a 0 . 6 8  low-melt agarose gel 

in l x  TAE running buffer. The gels were stained with ethidium bromide to visualize and 

photograph the products of the PCR. Amplification products in the expected size range were 

excised from the gel and placed at 70'C for 10 min. This melted gel containing the PCR 

products (50pl) were extracted with phenol/chloroform, precipitated with sodium acetate (3M, 

pH 5.2) and ethanol. The pellet was resuspended in 24 pl TE8 buffer (10 mM Tris.HCI, pH 

8.0; 1 mM EDTA), 2 p1 1-phor-al buffer (Pharmacia), 2 pl 1 mM ATP, 1 pl  T 4  polynucleotide 

kinase (5  U; Pharmacia) and incubated at 37'C for 1 h. Klenow fragment (5  U; Pharmacia) 

and 2 p12 mM dNTP are hdded and incubated at 37°C for 15 min., thcn electrophoresed on a 

low-melting agarose gel. Concurrently, plasmid Bluescript (Stratagene) is digested with 

EcoRV (Pharmacia), incubated for 1 hour, treated with alkaline phosphatase (5  U; Pharmacia) 

for 15 min and electrophoresed on the same gel as the PCR product. The PCR amplified DNA 

in the expected size range and the linearized plasmid are excised from the soft agar&e gel, 



melted together and treated with T4 DNA ligase (5 U; Pharmacia) and ATP (1 mM) (Sambmk 

et al., 1989). The ligation product, after an overnight incubation at 15'C, is melted and used to 

transform competent bacteria. The bacteria are plated out on LB plates containing ampicillin 

(100 pglml), IPGT, and Xgal. After overnight incubation (37'C). white colonies are used to 

inoculate LB media, which is placed at 37°C overnight under agitation. 

2.2.4 Minipreparation, restriction digestion and electrophoresis 

Bacterial cells grown in 3 ml LB (one litre of LB contains 10 g tryptone, 5 g yeast 

extract, and 5 g NaCI) were pelleted by centrifugation at 2500 rpm for 10 min at 4'C and 

resuspended in 100 pl of a soludon containing 50 mM glucose, 10 mM EDTA, 25 mM 

Tris.HCI, pH 8.0. A solution (150 pl) of 0.2 N NaOH and 1% SDS was added and allowed 

to incubate for 1 min at room temperature. Then 150 pI of a chilled solution containing 5 M 

sodium acetate, pH 5.2 was added, and the tubes were incubated on ice for 5 min.. After 

centrifugation, the supernatant was transferred to a new microcentrifuge tube and plasmid DNA 

was extracted by phenol/chloroform and precipitated with ethanol. DNA pellets were 

resuspended in 100 pl TE8 (10 mM Tris-HCI, pH 8 and 1 mM EDTA, pH 8). 

DNA (2 pl) was incubated for 1 hr at 37'C (unless recommended othenvise) in a 

solution containing 1 pl of DNase-free RNase A, 1 x enzyme buffer (1 mM Tris-acetate, pH 

7.5, 1 mM magnesium acetate, 5 mM potassium acetate). 1 pl (10 U) of restriction 

endonuclease, brought up to 20 pl with sterile water. Samples and the 1-kb ladder for use as a 

standard were separate by agarose gel (1%) electrophoresis in 1 xTAE running buffer for 1 to 

2 hrs at 100 V. Gels were stained with ethidium bromide and photographed under UV light. 

2.2.5 DNA sequencing and electrophoresis 

Double-stmnded miniprep DNA was alkali denatured for 5 min at room temperature 

with a solution containing I! mM EDTA and 2 M NaOH. After neutralization and precipitation 

with a solution of sodium acetate (3 M, pH 5.2) and ethanol the pellet was resuspended in an 



appropriate volume of sterile water. An aliquot of denatured DNA was sequenced by the 

Sanger dideoxy sequencing method according to the protocol supplied with the 

T7SequencingTM kit (Pharmacia). Briefly, the denatured template DNA was annealed to the 

oligonucleotide (500 ng) in the presence of the annealing buffer (1 M Tris-HCI, pH 7.6, 100 

mM magnesium chloride 160 mM dithiothreitol (DTT)) in a reaction volume of 14 pl and 

incubated at room temperature for 20 min. Then 6 p1 of enzyme premix (1.375 pM each of 

dCTP, dGTP and dTTP and 333.5 mM NaCI, 20 mM Tris-HCI, pH 7.5, 5 mM DTT, 100 pg 

ml-1 BSA and 5 % glycerol, [a35S]dATP) an incubated for 2 min at room temperature. Then 

4.5 pl was transferred into four prewarmed (37'C) tubes containing the appropriate 

dideosynucleotide. Stop Solution was added and the reactions and sequencing samples were 

electrophoresed on a polyacrylamide gel (8 g acrylamide, 20 ml 5X TBE, 0.69 g N, N'- 

bisacrylamide, 41 g urea, 0.54 ml of 10% ammonium persulfate, M pl TEMED per 100 ml) in 

1 x TBE (5 x TBE contains, 54 g Tris base, 27.5 g boric acid, 20 ml of 0.5 M EDTA per litre) 

running buffer for 3 to 4 hrs at 2000 V. Gels were fixed (10% methanol and 10% glacial acetic 

acid) to filter paper and vacuum dried at 80°C for 1 hour. Gels were exposed to Kodak XAR 

film overnight at room temperature. 

2.2.6 Analyzing DNA sequences of PCR products 

The nucleotide sequences were recorded using the computer program DNA Strider'" 

(Version 2.1). The nucleotide sequences were then translated into the six possible amino acid 

reading frames. Translated sequences were analyzed manually, and those that appeared to 

encode GPCRs were then used to query the GenBank database (Benson et al., 1998) by 

performing BLAST searches, as with analyzing the EST sequences in Section 2.2.3. 

2.2.7 Radiolabeling DNA by nick translation 

PCR products that were found to encode novel GPCRs were then extracted and used as 

probes to screen genomic library in order to isolated clones encoding the lull-length 



translational reading frame. Plasmid DNA was digested with the appropriate restriction 

endonuclease(s), and separated by agarose gel electrophoresis in 1 x TBE running buffer. 

Fragments were excised from the gel and placed at 65'C for 10 minutes, and extmcted with 

phenollchloroform and.precipitated with sodium acetate (3M, pH 5.2) and ethanol. DNA 

pellets were resuspended in an appropriate volume of sterile water. 

All DNA fragments were radiolabeled by using a nick translation kit (Amersham). The 

nick translation conditions were: DNA (2 pg), nucleotide-buffer solution (100 pM dATP, 100 

pM dGTP and 100 pM dTTP in Tris-HC1, pH 7.8, MgC12 and bmercaptoethanol), enzyme 

solution (0.5 UIpL DNA polymerase I, 10 pglpl DNaseI in Tris-HCI, pH 7.5, MgCI2, 

glycerol and BSA) and 10 p1 [a32P]dCTP (10 yCi) in a final volume of 3 0  p1. 

Unincorporated nucleotides were removed through a NACS Prepac IM mini-column. 

2.2.8 Library screening 

The PCR products encoding each respective GPCR were extracted from the pBluescript 

vector, radiolabeled with [a32P]dCTP (NEN) by nick translation (Amersham) and used to 

probe a human E M B U  SP6iT7 genomic library (Clontech), rat E M B U  S P 6 M  genomic 

library (Clontech), or a human hippocampus cDNA library (Clontech). Once titered the library 

was plated onto 150-mm LB plates (LB plates per litre contain, 10 g tryptone, 5 g yeast extract, 

5 g NaCI, 15 g agar) at a density of about 50,000 plaques per plate. Replica nylon filters were 

pulled, processed according to the manufacturer's recommendations, prehybridized in a 

solution containing 50% formamide, 3 x SSC (1 x SSC contains 0.15 M sodium chloride, and 

0.015 M sodium citrate, pH 7), 10 x Denhardt's solution (1 x Denhardt's contains 0.02% 

polyvinylpyrrolidone, 0.02% Ficoll, and 0.02% BSA), 0.1% SDS, 0.1% sodium 

pyrophosphate, 20% dextran sulphate, and 50 mgml sheared salmon sperm DNA (Sambrook 

et al.. 1989). The hybridization was in the same solution and initiated by the addition of the 

probe, and allowed to proceed at 42'C for 18 to 24 hrs. The hybridization was terminated by 

washing in a solution containing 2 x SSC and 1% SDS at room temperature, followed by two 



washes in a solution containing 0.2 x SSC and 1% SDS at 55'C. The filters were then 

exposed to Kodak XAR film with an intensifying screen at -70°C for at least 18 hrs. 

2.2.9 Bacteriophage DNA preparation 

Bacteriophage DNA was prepared as described by Grosberger (1987). Briefly, to 

bacterial culture of E. coli LE392 grown to logarithmic phase was added bacteriophage DNA 

(approximately 10 pl) in LB containing 0.1% glucose and 10 mM MgC12. After overnight 

incubation at 37'C under rigorous shaking, bacterial debris was pelleted. The supernatant was 

centrifuged (SW 41 rotor, Bechan Optima L-gO ultracentrifuge) for 30 minutes at 4'C at 30 

000 rpm. The supernatant was decanted and the pellet resuspended in 400 pl SM (5.8 g 

sodium chloride, 5 ml 2% gelatin, 50 ml 1 M Tris-HCI, pH 7.5, 2.0 g MgS04 per litre) 

containing proteinase K (1 mdml) and incubated for 2 hours at 37°C. DNA was 

phenol/chloroform extracted, and precipitated with ammonium acetate (7.5 M, pH 5.2) and 

ethanol. The DNA pellet was resuspended in an appropriate volume of TE8. 

2.2.10 PCR of rat orthologues 

PCR products partially encoding the rat orthologues of some of the genes reported here 

were amplified from rat genomic DN.' The conditions for the PCR were 1 ~g of DNA, 1 pg 

of each primer, PCR buffer (50 mM KCI, 10 mM Tris-HCI, pH 8.3), 2 mM MgCI2, 1 mM 

each of dATP, dCTP, dGTP, and dTTP and 2.5 U Taq polymerase (Perkin-Elmer Cetus) in a 

reaction volume of 50 ~ l .  Typically, the amplification conditions using a Perkin-Elmer Cetus 

thermal cycler were: DNA denaturation at 94'C for 3 min, followed by 30 cycles of 

denaturation at 94°C for 1 min, annealing at 50°C for 1 min and extension at 72°C for 1 min, 

with a final extension at 72°C for 7 min. The various oligonucleotides used in the PCR were 

all designed based on sequences encoding the respective human orthologues. For GPR1, the 

oligonucleotides were designed based on sequence encoding TM2 (sense, 5' - 
CAGTCACCACTCTGTGGT) and TM7 (antisense, 5' - ATAAAGGATGGGGGTCAAGC 



AACTATT) of human GPR1. For GPR14, the oligonucleotides were designed based on 

sequence encoding TM3 (sense, 5' - TTCACGCTGACCGTCATGAGC) and TM6 (antisense, 

5' - CAGCCAGAAGGGCAGGAAGCA) of human GPR14. For GPR34, the 

oligonucleotides were designed based on sequence encoding TM3 (sense, 5' - 
GGATKATCAGT'TTGGATCGCTA) and TM6 (antisense, 5' - TGACTGGATCTAAGCA 

ACTATT) of human GPR34. For GPR26, the oligonucleotides were designed based on 

sequence encoding exon 2 of the human EST fragment (CloneID: HIBB055; sense, 5' - GC 

TAGTGGAGCTCTCTCCAC and antisense, 5' - AGAATGTTCTGGCTGTGAGAG). For 

GPR7, the oligonucleotides were designed based on sequence encoding TM3 (sense, 5' - 
CTCACCGTCATGAGCGCC) and the carboxyl terminus (antisense, 5' - GGGGAGTCAGG 

CTGCCGC) of human GPR7. For GPR6, the oligonucleotides were designed based on 

sequence encoding TM3 (sense, 5' - AGCCTGCTGGCCATTACG) and TM6 (antisense, 5' - 

GGGCAGCCAGCTGGCGCC) of human GPR6. PCR products were subcloned into 

pBluescript, transformed into bacterial cells. DNA prepared, and subjected to sequence 

analysis as described above. 

2.2.1 1 Southern blotting 

Phage DNA was digested with various restriction endonucleases as indicated above in 

Section 22.4.. and sepamted by electrophoresis on a 0.8% agarose gel along with the 1-kb 

ladder, stained with ethidium bromide, and photographed along with a fluorescent ruler. DNA 

samples separated on agarose gels were transferred lo HybondTM-N nylon membranes using a 

vacuum apparatus from Tyler Research Instruments using the protocol recommended by the 

manufacturer. Gels were placed in a denaturing solution containing 0.5 M NaOH and 1.5 M 

NaCl and then neutralized in a solution containing 0.5 M Tris-HC1, pH 7.4 and 1.5 M NaCI. 

The final transfer was in the presence of 800 ml lox SSC Tor 1 hour. The DNA was UV 

cross-linked to the membrane in a Stratalinker@ UV crosslinker (Stratagene). Blots were 

hybridized and washed, essentially as described for library screenings (Section 7.2.8). 



2.2.12 Northern blotting 

Total RNA was extracted from tissues using a method modified from Chomczynski 

(1987). The frozen tissue homogenized with a polytron in a solution containing 5 M 

guanidium thiocyanate (pH 7.2). 8% pmercaptoethanol. This mixture was phenollchloroform 

extracted and RNA was precipitated with acetic acid and ethanol. RNA was resuspended in an 

appropriate volume of DEPC-treated sterile water. Poly(A)+ RNA was isolated using an 

mRNA isolation kit (Pharmacia) essentially as described by the manufacturer. Total RNA was 

heated to 65°C and allowed to cool to room temperature. An equal volume of 2x loading 

buffer [lx loading buffer contains: 0.5 M sodium chloride, 1 mh4 EDTA, 10 mh4 Tns-HCI, 

pH 7.5.0.6 g (dry weight) of oligo (dT)- cellulose per mg of RNA]. This was gently rotated 

for 15 minutes at room temperature, and the suspension was centrifuged at 2000 rpm at room 

temperature for 10 seconds. The supernatant was removed and the oligo(dT)-cellulose was 

washed a minimum of 5 times with 5 ml lx loading buffer. The RNA was eluted with sterile 

low-salt elution buffer (I mM EDTA and 10mM Tris-HCI, pH 7.3, collected and reheated to 

65°C. cooled and the concentration of NaCl was readjusted to 0.5 M. A second round of batch 

affinity chromatography was performed and the poly(A)+ RNA was recovered by sodium 

acetate (3M, pH 5.2) and ethanol precipitation. The samples were resuspended in DEPC- 

treated sterile water. Poly(A)+ RNA was heat denatured and separated by electrophoresis on a 

1% formaldehyde agarose gel and transferred to nylon membmne (N-Hybond; Amersham) and 

immobilized by UV crosslinking. Northern blots were hybridized in the same solutions used 

for the libraly screenings with radiolabeled DNA probes. The washing conditions were also as 

described for the library screenings. Blots were exposed to Kodak XAR film with an 

intensifying screen at -70°C. 

2.2.13 In situ hybridization 

Male rats (Jackson laboratories) were sacrificed by decapitation and brains removed in 

30 seconds and frozen in crushed dry ice. Frozen brains were sectioned at 14pm thickness on 



a Reichen-Jung cryostat at -20°C and thaw-mounted onto microscope slides. Sections were 

fixed in freshly prepared 4% padormaldehyde in 0.02% DEPC water for 20  min at 4'C in an 

ice bath and then washed for 5 min in cold phosphate-buffered saline, pH 7.4 before 

dehydration in an alcohol series. Fixed sections were stored at -70'C until use. 

Brain sections were prehybridized for 2 hr in buffer containing 50% deionized 

formamide, 0.6 M NaCI, 10 mM Tris-HCI pH 7.5, 10% dextran sulphate, 1% polyvinyl 

pyrollidone, 2% SDS, 100 mM DTT, 200pdml herring sperm DNA, and hybridized with the 

labeled probe (106 cprnlslice) for 16 hr, and washed in conditiorls of increasing temperature 

and decreasing ionic strength. The hybridized sections were dehydrated in a graded alcohol 

series and were exposed to X-ray film for 4 6  weeks at -7O'C and developed. For use as 

controls, adjacent sections were hybridized following treatment with RNase, to confirm the 

' specificity of hybridization. 

2.2.14 Fluorescence in situ hybridization 

Human lymphocytes were cultured in an a-minimal essential medium (a-MEM) 

supplemented with 10% fetal calf serum and phytohemagglutinin (PHA) at 37°C for 68 - 72 hr. 

The lymphocyte cultures were treated with BrdU (0.18 mg ml-1 Sigma) for an additional 16 hr 

to synchronize the cell population. The synchronized cells were washed three times with 

serum-free medium and incubated at 37'C for 6 hr in a-MEM with thymidine (2.5 p g  ml-1, 

Sigma). Cells were harvested and slides were made using standard procedures including 

hypotonic treatment and fixation followed by air drying. The procedure for fluorescence in situ 

hybridization (FISH) analysis was performed as previously described by Heng el a/. (1992) 

and Heng and Tsui (1993). Slides which had been aged a few days were baked at 5.92 for 1 

hour. After RNase A treatment, the slides were denatured in a solution of 70% formamide in 

2x SSC for 1 minute at 70'C followed by dehydration with ethanol. Purified bacteriophage 

DNA containing the gene of interest was biotinylated with dATP using a Bionick labeling kit 

(BRL) for use as probes. The labeled probes were denatured at 75'C for 5 minutes in a 



hybridization mix consisting of 50% formamide and 10% dextran sulphate and loaded onto the 

slides. After overnight hybridization, detection and amplification, the FISH signals and the 

diamidino phenylindolole (DAPI) banding pattern were visualized by fluorescence microscopy. 

Pictures were taken using Kodak slide film ASA 80011600 in one single operation by simply 

switching the filters on the microscope (Heng and Tsui, 1993). 

2.2.15 Creation of GPR8 mutants 

Point mutation mutants of the receptor encoded by GPR8, and a chimeric GPR8-p- 

opioid receptor were created by PCR amplification using Pfu polymerase. An expression 

construct encoding the full-length translational ORF of GPR8 was created by PCR using 

oligonucleotides overlapping with the initiation methionhe (5'-CCAGCTACAmCAGGCC) 

a ~ d  stop codon (5'-CCAGGCCCTT-GCACCA) and the 2-kb BamHI genomic fragment 

(see Section 3.1.2) containing the gene encoding GPRI as the template. The conditions for the 

PCR were 0.5 pg of DNA, 0.2 pg of each primer, PCR buffer (SO mM KCI, 10 mM Tris- 

HCI, pH 8.3). 2 mM MgC19,0.2 mM each of dATP, dCTP, dGTP, and d l T P  and 2.5 U Pfu 

polymense in a reaction volume of 50 pl. The amplification conditions using a Perkin-Elmer 

Cetus thermal cycler were: DNA denaturation at 94'C for 3 min, followed by 3 0  cycles of 

denaturation at 94'C for 45 sec, annealing at 50°C for 45 sec and extension at 72'C for 1 min, 

with a final extension at 72'C for 7 min. The PCR product was subcloned into the expression 

vector pcDNA3, transformed into bacterial cells, DNA prepared, and sequenced in its entirety 

to verify that no misincorporation had occurred during the PCR amplification. Point mutations 

were introduced by sequential PCR steps. A plasmid based primer (T7 or sp6) was paired 

with a primer based on the GPR8 encoding insen bearing the desired point mutation (precisely 

overlapping sense and antisense primers). For the first PCR amplification, primers bearing the 

desired point mutations for residues located in TM3, TM6, and TM7 of GPR8 rM3 (5'- 

CTGGCCGTCGACTACTACAACATCITC), TM6 (5'-TGCCTCCTCTGCTGGACGC 

CCATCCACATCITCGTTATCGTGGCCCTGACCACGGACCTG) and TM7 '(5'-GTCAT 



CAGTATGTCCTACGTCT~CATCAGCCTCACGTACGCCAACCG)] were paired with 

sp6. Underlined nucleotides represent those nucleotides that were mutated. The antisense 

primers bearing the complementary mutations were paired with T7. The PCR and 

amplification conditions were as described above. In order to obtain the full-length receptor 

M n g  the desired point mutations, an aliquot (1110th) of the first two PCR amplifications 

were added to a fresh tube and subjected to the same amplification conditions, as  described 

above, using the plasmid based primers T7 and sp6 (except the extension time was increased to 

2 min). Double (TM3 + TM6; TM3 + TM7; TM6 + TM7) and triple TM mutations were 

created as well, using the appropriate mutant GPR8 templates. 

Sequential PCR was used to generate chimeric receptors of GPR8 and the p-opioid 

receptor. A chimeric receptor encoding from the initiation methionine to the end of the third 

intrncellular loop of GPR8 and TM6 to the stop codon of the p-opioid receptor. The reciprocal 

chimeric receptor was created as well. The conditions for each PCR were 0.5 pg of DNA, 0.2 

pg of each primer, PCR buffer ( 9  mM KCI, 10 mM Tris-HCI, pH 8.3). 2 mM MgC12, 0.2 

mM each of dATP, dCTP, dGTP, and d l T P  and 2.5 U Pfu polymerase in a reaction volume 

of M p1. The amplification conditions using a Perkin-Elmer Cetus thermal cycler using the 

primers described below were: DNA denaturation at 94°C for 3 min, followed by 3 0  cycles of 

denaturntion at 94'C for 4 5  sec, anneal'.?g at M'C ior 45 sec and extension at 72'C for 1 min, 

with a final extension at 72'C for 7 min. In PCR one (GPR8 template): to amplify from the 

end of TM5 to the stop codon of GPR8 the primers used were 2343 (5'- 

CTATGGACTGATGATCTTCGCAGGCTGCGG GCCGTG) and sp6 (pcDNA3 primer). In 

PCR two (p-opioid receptor template): to amplify from the initiation methionine to the end of 

TM5 of the p-opioid receptor the primers used were T7 (pcDNA3 primer) and 1704 (5'- 

AAGATCATCAGTCCATAG). An aliquot (IllOth) from reactions one and hvo were added to 

a fresh tube and subjected to amplification using primers T7 and sp6 under the amplification 

conditions described above except that the extension time was for 2 min, resulting in the p- 

opioid-GPR8 chimera containing the amino end of the popioid receptor and the terminal end 



of GPR8. In PCR three (GPR8 template): to amplify from the initiation methionine to end of 

TM5 of GPFC3 the primers used were 2342, 5'-CGGACACTCTTGAGGCGCCAGGAGGT 

CTGTGTAGAG) and T7. In PCR four (p-opioid receptor template): to amplify from the end 

of TM5 to the stop codon of the p-opioid receptor the primers used were 1703 (5'-GCG 

CCTCAAGAGTGTCCG) and sp6. An aliquot (1110th) from reactions three and four were 

added to a fresh tube and subjected to amplification using primers T7 and sp6 under the 

amplification conditions described above except that the extension time was for 2 min, resulting 

in the GPR8-p-opioid chimera containing the amino end GPR8 and the terminal end of the p- 

opioid receptor. 

2.2.16 Maxi DNA preparation 

Transfection quality DNA was prepared using the Maxi Prep kit according to the 

manufacturers instructions (Qiagen). Bacterial cultures of E. coli. transformed with the 

appropriate expression construct were grown overnight in LB media containing ampicillin (100 

pglml) at 37'C under agitation. Briefly, bacterial cells were pelleted, and resuspended in an 

appropriate volume of Buffer 1. Then cells were lysed in Buffer P2, and bacterial debris was 

precipitated with chilled Buffer P3 for 10 min at 4°C and centrifuged at 12 000 rpm for 30 min 

at 4'C. The supernatant was promptly eluted through an equilibrated Qiagen-Tip by gravity, 

washed and the DNA was collected and precipitated with an appropriate volume of isopropanol 

and washed with ethanol (70%). DNA pellets were resuspended in TE8 buffer to a final 

concentration of 1 pglpl. 

2.2.17 Caleium phosphate transfeetion 

Cells were transfected using the Calcium Phosphate Transfection System by Canadian 

Life Technologies according to the manufacturers instructions. The COS-7 cells were cultured 

in a-MEM containing 10% fetal bovine serum at 37'C in 5% C02 and plated in a 100-mm 

tissue culture dish 24 hr before transfeclion at a density of 1 x lo6 celld100-mm dish110 ml 



complete medium. The next day, cells were supplied with fresh complete medium 3 hrs before 

transfection. For each 100-mm dish, solution containing 100 pl lox HBS buffer (HEPES, 

NaCI), 15 pl 1N NaOH, 70 pl calcium phosphate, 10 pl phosphate solution, l p g  carrier DNA, 

10 pg plasmid brought up to 1 ml with sterile water was prepared. Cells were then treated with 

the calcium-phosphate DNA precipitate for 16 hr in complete medium at37'C in 5% CO,. The 

next day, the medium was replaced with fresh medium and incubated for an additional 24 hr. 

2.2.18 Membrane preparation and binding studies 

Cells were havested in a binding buffer containing 50 mM Tris-HCI, pH 7.8, 5 mM 

MgC12, 1 mM EGTA, leupeptin (5' pglpl), soybean trypsin (10 pglpl), benzamidine (10 

pglpl). Cells were homogenized hvice using a Polytron (Brinkmann, setting 5.0) for 20 

seconds and then collected by spinning at 800 rpm for 10 minutes at 4'C. The pellet was 

resuspended in the same binding buffer and then used immediately for radioligand binding 

studies. Protein content was determined by the rzthod of Bradford (1976). Cell membranes 

(25 pg to 80  pg of protein) were incubated with radiolabeled ligands in a final volume of MO 

pl for 1 hour at room temperature in the presence or absence of competing agents. Nonspecific 

binding was defined as the radioactivity remaining bound in the presence of 10 pM of the 

conpetitor. The binding reaction was terminated by the addition of ice-cold 50 mM Tris-HCI, 

pH 7.4and rapid filtration over Whatman GFIC glass fiber filters. Filters were washed twice 

with 5 ml ice-cold solution containing 50 mM Tris-HCI, pH 7.4 and the bound radioactivity 

was determined by using a liquid scintillation counter. The data were ana1yz.d by nonlinear 

least square regression utilizing the computer fitting program Graphpad. 



3.0 RESULTS 

3.1 Opioid Receptor-Related PCR Seareh 

The first opioid receptor to be cloned was the 8-opioid receptor and the availability of 

its DNA sequence provided for the first time an opportunity to use an homology cloning 

stmtegy in order to isolate opioid receptor subtypes, in particular p- and K-opioid subtypes, 

and related receptors potentially belonging to novel receptor/neurotransmitter systems. An 

amino acid cornparision of the 8-opioid receptor revealed that it shared the highest identity with 

the somatostatin receptors, especially within the TMs, in particular TM3 and TM7. Therefore, 

in order to achieve our goal of isolating the DNA sequences encoding opioid and related 

receptors we utilized the sequence infomation in the 6-opioid and somatostatin receptors. We 

decided to employ the PCR using degenerate oligonucleotides designed based on the conserved 

TM regions of the 8-opioid receptor and the related somatostatin receptors, specifically 

somatostatin receptors sstl and sst2. The somatostatin receptor sequences were included in the 

design of the oligonucleotides due to their relationslip to opioid receptors which presumably 

would increase the likelihood of amplifying not only the DNA sequences encoding opioid 

receptor subtypes, but also those encoding related receptors. Consequently we designed two 

degenerate oligonucleotides based on nucleotide sequences encoding TM3 and TM7 of the 6- 

opioid receptor and somatostatin receptor subtypes, sstl and SSP, with a S f o l d  and 144-fold 

degeneracy for the sense and antisense oligonucleotides respectively (Fig. 7). Although the 

DNA sequences encoding the currently known five somatostatin receptor subtypes were 

available (see Table 1). only the sequences of somatostatin receptor subtypes sstl and sst3 

were used in the design of the oligonucleotides in order to maintain the degeneracy as low as 

possible (Fig. 2). In addition to amplifying human hippocampus cDNA, a region known to 

express the three opioid receptor subtypes (Mansour and Watson, 1993), we also amplified 

human genomic DNA, even though at the time we did not know the genomic organization of 

the b-opioid receptor. We selected genomic DNA to amplify due to the fact that many GPCRs 

are encoded by intronless genes, and thus would not have been precluded from identification 



under the conditions used here. Also the genomic organization of subtypes could vary, as 

demonstmted for serotonin and dopamine receptors, therefore, even if the 8-opioid receptor did 

contain introns, the possibility existed that subtypes did not (Seeman et al., 1997). In addition, 

the DNA sequences in genomic DNA are represented equally and do not suffer from 

expression bias, as is the case with cDNA. Several different PCR experiments were conducted 

under different annealing conditions in order to increase the likelihood of amplifying the DNA 

sequences encoding GPCRs. The amplification products were separated by agarose gel 

electrophoresis (Fig. 3). and bands in the predicted size range (approximately 500 bp) were 

subcloned and sequenced. The tmnslated nucleotide sequences of the PCR products were 

examined manually to identify those encoding GPCRs, and were compared with a personalized 

GPCR databank.and those predicted to encode novel GPCRs were then compared with 

sequences within GenBank by performing BLAST searches. A list of the GPCRs observed iu 

the various annealing temperatures is shown in Table 2. The PCR products that were analyzed 

encoded a wide range of GPCRs, including fifteen previously identified GPCRs, but strikingly 

also 12 novel GPCRs. Two of these PCR products, clone 7 and clone 8, encoded novel 

GPCRs most closely related to the opioid receptors (approximately WO to 45%). as well as 

the somatostatin receptors (approximately 40% to 9%). and also displayed high identity to 

each other (approximately 62%). indicating that they are members of the same subfamily. The 

other PCR products, although not encoding GPCRs most closely related to the opioid or 

somatostatin receptors, nonetheless encoded an interesting variety of GPCRs. For instance, 

GPR3 and GPR6 encoded GPCRs which shared high identity with each other (approximately 

60%). clearly belonging to the same subfamily, that were most closely related to the 

cannabinoid receptors. Several PCR products encoded GPCRs (clone 1, clone 2, clone 4, 

clone 5, clone 9, and clone 11) most closely related to the chemoattractant and chemokne 

receptors. One PCR product, clone 10, encoded a receptor most closely related with the 

neuropeptide Y receptors, and clone 12 encoded a receptor most closely related with the 

receptors. The PCR products encoding each novel GPCR were used to screen DNA libraries 
' 



Fig. 2. Degenerate oligonucleotide design (PI and E). The indicated amino acid sequences 
(the single letter amino acid code is used) from TMD3 and TMD7 of the mouse 8-opioid 
receptor and somatostatin receptor subtypes sstl and sst2 were aligned. The corresponding 
nucleotide sequences were aligned (dots indicate position indentities with the 8-opioid receptor 
sequence) and the degenerate oligonucleotide sequence was determined. A 27-mer sense (Pl) 
primer with a %-fold degeneracy, and a 21-mer antisense (P2) primer with a 144-fold 
degeneracy were designed. 



Fig. 3. Agarose gel electrophoresis of PCR products amplified with P1 and P2. Shown are 
the PCR products (1110) from the amplification of human genomic DNA at the two indicated 
annealing temperatures using primers P1 and P2. Electrophoresis was on a 0.6% low-melt 
agarose gel stained with ethidium bromide in 1 x TBE running buffer. The lane marked with 
an "L" is the 1 kb ladder (Gibco BRL), and the molecular weight in basepairs (bp) is indicated 
on the left. 



TABLE 2. Results of opioid receptor-related PCR search. 

I G o n o m l c ~ ~ ~  I CDNA 
L~lonlng Stnus ~PCR product lRnsplor 1 Uaand %Nu 1 55% I 45.C I 38% 1 55.C I 45.C 

NOMI done 1 GPR1 orphan 0 0 0 1 0 

clom 2 GPR2 orphan 2 0 o o o 

clone 3 GPR3 orphan 1 0 0 0 0  

clone 4 GPR4 orphan 1 0 0 0 0  

clow?5 GPR5 orphan 0 1 0 0 0 

clone 6 GPRB orphan 0 1 0 0 0 

clone 7 GPR7 orphan 12 39 9 0 8 

clone 8 GPRB orphan 33 18 a 0 4 

clone 9 GPR9 orphan 0 0 1 0 0 

clone 10 GPRlO orphan 0 0 1 0 o 

clone 11 GPR44 orphan 0 1 0 0 0 

clom 12 GPR45 orphan 0 0 1 0 0 

Pmvlowly Cloned sat1 known 12 11 8 2 1 

18t? known 1 7 7 2 1  

1813 known 1 7 2 8 9  

a814 known 17 30 11 5 5 

ad5 known 7 30 4 0 1 

boploid known 0 0 0 0 0 

r-oplold known 0 0 0 0 2  

l l ~ p l o l d  known 0 0 0 0 0 

82 known 15 0 0 0 0 

H2 known 0 0 0 0 4 

NPY Y1 known 1 1 4 0 1  

G1W orphan 0 0 0 0 1 

APJ orphan 3 1 0 0 0  

RDCl orphan 1 Z3 6 0 0 



to obtain clones encoding the respective full-length translational OWs. The genes encoding 

the PCR products including, clone 7, clone 8, clone 3, clone 6, clone 10, and clone 1 are 

discussed in greater detail in following sections of this Thesis. 

Several of the PCR products encoded GPCRs that were also previously cloned (see 

Table 2). DNA sequences encoding the five known somatostatin receptor subtypes were 

observed, also the bradykinin B2 receptor, the histamine H2 receptor, the orphan receptors 

RDCl and GlOd, and an orphan receptor, called APJ, isolated in our laboratory from previous 

experiments (O'Dowd et al., 1993). PCR products corresponding to the opioid receptor 

subtypes were not observed in our PCR experiments of genomic DNA, due to the presence of 

introns, as revealed later (Zaki et al., 1995). within the regions amplified. hence would not 

have been detected under the conditions used here. However, in parallel experiments 

conducted in our laboratory by others, the DNA sequences encoding the p- and K-opioid 

receptors were isolated (Zastawny et al., 1994; Georger et al., 1994). and also two PCR 

products encoding the K-opioid receptor were isolated from the amplification of the human 

hippocampus cDNA (see Table 2). 

3.1.1 Cloning of GPR7 and GPRI: Opioid receptor-related 

Two novel PCR products, clone 7 and clone 8. were the most frequently observed 

PCR products, sharing an identity of approximately 74% at the nucleotide level and 62% at the 

amino acid level, suggesting that they were members of the same subfamily, thus are receptor 

subtypes. The PCR products were used to screen a human genomic library in order to obtain 

clones encoding the full-length translational ORFs. Phage clones encoding clone 7 and clone 8 

were isolated and subsequently a 4.5-kb BamHl fragment encoding and a 2-kb BamHI 

fragment were subcloned and partially sequenced, and renamed GPR7 and GPR8. 

respectively. Sequence analysis of both fragments revealed a consensus sequence for an 

initiation methionine (Kozak, 1989), preceded by an in-frame stop codon, followed by an 



intronless ORF of 984 nucleotides, encoding a 328 amino acid protein for GPR7 (Fig. 4). and 

999 nucleotides, encoding a333 amino acid protein for GPR8 (Fig. 5) (O'Dowd et al., 1995). 

The receptors encoded by GPR7 and GPR8 demonstrated the familiar seven TMs 

characteristic of GPCRs, with the typical conserved amino acid residues (Fig. 4 and 5). 

Consensus sequences for (aspamgine) N-linked glycosylation were located in the amino 

termini of both GPR7 (Asn3, Asnl3, Asn25) and GPR8 (Asn24, Asn29, and Asn34). 

Potential phosphorylation sites by PKC (GPR7, Ser144, GPR8, Ser152) and PKA (GPR7, 

ThnM; GPR8, Th1-259) were located in the intmcellular loops (Fig. 4 and 5). A cysteine 

residue (Cys324) serving as a potential site for palmitoylation was located in the carboxy 

termini of GPR7 (Cys324; Fig. 4) and GPR8 (Cys333). The receptors encoded by GPR7 and 

GPR8 were predicted to display short carboxy termini, predicted to consist of 18 amino acids 
' and 14 amino acids, respectively (Fig. 4 and 5). Another notable feature was the presence of 

an aspartic acid (GPR7, Aspll6; GPRS, Asp124) residue in TM3 (Fig. 4 and 5), located at the 

analogous position as the aspartic acid residue found in the opioid and somatostatin receptors 

that has been shown to be critical for ligand binding (Sunatt et al., 1994). 

At the amino acid level the receptors encoded by GPR7 and GPR8 were 62%. identical, 

increasing to 73% when only the TMs were compared (see Fig. 6 for an alignment). A query 

of GenBank revealed that GPR7 and GPR8 were most closely related to the opioid and 

somatostatin receptors. For GPR7, overall the amino acid identity was 38% with the 8-opioid 

receptor (DOR), 37% with  the^-opioid receptor (KOR), 36% with p-opioid receptor (MOR), 

38% with ORLl (a receptor that shows high identity to the opioid receptors), 40% with 

somatostatin receptor sst5,41% with ~ ~ 0 . 3 6 %  with sstl, 36% with sst2, 35% with sst4, and 

33% with GPR24. The amino acid identity is higher in the regions corresponding to the TMs. 

Within the TMs the amino acid identity with DOR is 40%. 43% with the KOR, 41% MOR, 

44% with ORLI, 48% with sstl, 49% with sst2, 53% with ss0, 45% with sst4, 46% with 

sst5, and 40% with GPR24. For GPR8, the overall amino acid identity was 45% with sst5, 

41% with DOR, 41% with sst3,40% with sstl, 39% with ~~14.39% with sst2.38% with 



net Asp Aan Ala Ser 
GAGCTCCGTAGGGCGTCCTPGGGGGACGCCAGGTCGCCGGCTCCTCTGCCCTCGTIGAG ATG GRC RRC GCC TCG 
6 V V551 
Phe see G ~ U  P m  Trp P m  Ala A m  Ala Sar ~ l y  ~m Asp P m  Ala Leu Ser cya Ser Amn 
m TCG GAG ccc TGG ccc GCC AAC GCA TCG GGC CCG GAC CCG GCG CTG AX TGC TCC AX 
26 6 11 
Ala Ser Thr Leu Ala P m  Leu P m  Ala P m  Leu Ala V a l  Ala V a l  P m  
GCG K G  ACT CTG GCG CCG CTG CCG GCG CCG CTG GCG GTG GCT GTA CCA GTT GTC TAC GCG 
46 1 617 

m + : z + i t t a l ? =  ~ r g  Ala 
GTG ATC TGC GCC GTG GOT CTG GCG GGC ARC TCC GCC GTG CTG TAC GTG TIC CTG CGG GCG 
66 131 
Pro Arg net Lys Thr V a l  Thr Asn 
ccc CGC ATG AAG ACC GTC ACC RRC CTG m ATC CTC RRC CTG GCC ATC GCC GAC GAG CTC 

126 0 911 
4 * )lWS%W Asp Arg Tyr Leu V a l  V a l  Leu Ala Thr Ala Glu Ser Arg 

TIC CTC ACC GTC ATG AGC GCC GAC CGC TAC CTG GTG GTG 7TG GCC ACT GCG GAG TCG CGC 
116 
lug V a l  Ala ~ l y  ~ r g  ~ h r  ~ y r  ser =a  la lug 
CGG GTG GCC GGC CGC ACC TAC AGC GCC GCG CGC GCG GTG AGC CTG GCC GTG TGG GGG ATC 

1031 

h ~ ~ ~ " u ~ & ~ 1 . - - 1 . . 1 1 ! @ % A r g  Leu ABP Asp G1u Gln Gly A w  
GTC ACA CTC GTC GTG CTG ccc TIC GCA GTC m GCC CGG CTA GAC GAC GAG CAG GGC COO 
186 1091 
Arg Gln Cys V a l  Leu V a l  Phe Pro Gln P m  Glu Ale Phe Trp Trp Arg Ala Ser Arg 
CGC CAG TGC GTG CTA GTC m CCG CAG ccc GAG GCC m TGG TGG CGC GCG AGC CGC CTC 

226 1211 
w-7- Leu Bis Ala net Arg Leu Asp Ser Bis Ala Lys Ala Leu Glu Arg Ala 
CTG CTG TGC CGG CTG CAT GCC ATG CGG CTG GAC AGC CAC GCC AAG GCC CTG GAG CGC GCC 
216 6 1271 
Lys Lys Arg V a l  T k  p h e m m - t - w -  
AAG AAG CGG GTG ACC m c m  GTG GTG GCA ATC CTG GCG GTG TGC CTC CTC TGC TGG ACG 

1351 
Ala Leu Thr Thr Asp Leu P m  Gln Thr Pro Leu V a l  

CCC TAC CAC CTG AGC ACC GTG GTG GCG CTC ACC ACC GAC CTC CCG CAG ACG CCG CTG GTC 

* 1451 
& ~ a ~ ~ l A ~ ~  Ala Ser Phe Arg Arg Asn Leu Arg Gln Leu Ile Thr Cye Arg 
CTC TAC GCC TIC CTG GAC GCC AGC TTC CGC AGO ARC CTC CGC CAG CTG ATA ACT TGC CGC 
326 1511 ..- 
Ala Ala Ala Stop 
GCG GCA GCC TGA CTCCCCCAGCGTCCGGCTCCGCARCTGCGCGCCACTCCTGGCCAGCGAG%AG~GCCGGCGC 

1593 
CAGAGTGCGGGACCAGACAGG 

Fig. 4. Nucleotide and translated amino acid sequence of GPR7. The putative 
transmembrane domains are shaded and numbered. Sites for potential post-translational 
modifications, such as N-linked glycosylation (V), PKA (9 and PKC (0) phosphorylation, 
and palmitoylation (*) are indicated. Amino acids are numbered on the left, and .nucleotides 
are numbered on the right. The three letter code for amino acids is used. 
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5'  - TCCACTAGTMCGGCCGCCAGGAn:CACATCTCTICCCPSIOAGGGTGG 
CCAGCAGCTGCTCTCTGCGGGAGGAGGGRRCTGATCTGCTGMGTCn:ACCAGGRAGAGGCGOOAAGGCCCCCACACAC 
CCCACCAGGCKCCKTGGCCCCATGTCC~GACCTGGCARROTGGCCGCAGTCTCTGCCAGAWLliCCTGGAGTGGCTG 
TGCCTAACAGACGGCTGGATCTCARROTCTCTGGTTG~CTAGAATCCAGCCTAAGGAGGCCCCCARCCAG 

289 
net Gln Ala Ala 

ATACCCAACTCC~GCACCTCCCACCTGCCCAGGGCGC?AATCGTC~CGGTCCCAGCTAcA ATG CAG Gcc GCT 
5 V365 
Gly H i s  P m  Glu P m  Leu Asp Ser Arg Gly Ser Phe Ser Leu P m  ~ h r  M e t  Gly Ala Asn 
GGG CRC CCA GAG CCC ClT GAC AGC AGG GGC XY: TlC TCC CTC CCC ACG AT3 GGT GCC ARC 
2 5  V V 4 2 5  .. 
V a l  Sax Gln Asp Aan Gly Thr Gly H h  Aen Ala Thr Phe Ser Glu P m  Leu Pro Phe Leu 
GTC TCT CAG GAC ART GGC ACT GGC CAC AAT GCC ACC TIC TCC GAG CCA CTG CCG TIC CTC 
45 1 485 
Tyr V a l  Leu M U  Pro & -'I1 -9' "7eg.g~zQ 
TAT GTG CTC CTG CCC m m - A A C  ACG 
65 

" "-1 545 
&&&r&%w&Arg Ala P m  Lys Met Lys Thr V a l  Thr Asn&@&@Jd 
GCC GTC ATC C1T GTA A X  CTA AGG GCG CCC AAG ATG AAG ACG GTG ACC AAC GTG TTC Ah. 

605 

CTG AAC CTG GCC GTC GCC GAC GGG CTC TIC ACG CTG GTA CTG CCC G X  ARC ATC GCG GAG 
105 665 
iiis ~ e u  ~ e u  Gln ~ y r  ~ r p  P m   he ~ l y  Glu ~ e u  leu cye L ~ S  ~ ~ @ ~ $ i ~ ~  
CAC CTG CTG CAG TAC TGG CCC TT2 GGG GAG CTG CTC TGC AAG CTG GTG CTG GCC GTC GAC 
125 3 725 

Asp Arg Tyr Leu 
CAC TAC ARC ATC TIC TCC AGC ATC TAC 1"IC CTA GCC GTG ATG AGC GTG GAC CGA TAC CTG 
145 0 785 
V a l  V a l  Leu Ala Thr V a l  Arg Ser Arg H i s  net P m  Trp Arg Thr Tyr M g  Gly Ala Lys 
GTG GTG CTG GCC ACC GTO AGG TCC CGC CAC ATG CCC TGG CGC ACC TAC CGG GGG GCG AAG 

W G l y  V a l  Tyr S e r  Asn Glu Leu Gln V a l  P m  Ser Cys Gly Leu Ser Phe Pro Trp Pro 
GCT GGC GTC TAC AGC ARC GAG CTG CAG GTC CCA AGC TGT GGG CTG AGC TTC CCG TGG CCC 

245 1085 
Arg ser Gly Ala Lya Ala Leu Gly Lys Ala Arg Arg Lys V a l  Thr v a l ( ~ ~ b , ~ & " $ h W d i j  
CGC TCT GGA GCC AAG GCT CTA GGC RAG GCC AGG CGG AAG GTG ACC GTC CTG GTC CTC GTC 

285 1205 
Thr Thr Aep Leu P m  Gln Thr P m  Leu V a l  Ile Ser Met Ser Tyr ~~$l~&~&?&&t*l 
ACC ACG GAC CTG CCC CAG ACC CCA CTG GTC ATC AGT ATG TCC TAC GTC ATC ACC AGC CTC 

.... 
Lye Asn Phe Arg Ser Ile Leu Arg Cys stop 
AAG ARC TTC CGC AGC ATA TTG CGG TGC TGA AGGGCCTGGCCACCATCATCCCCATCATCATCATCACCC 

1395 
CCATCATCATCACCCCCACCA~ACCCCCATCGTCACGCCCATCATCACGCCCATCATCACCCCCCATCATCACCCCCA 
TCATCATGCCCATCATCACCCCCCATCATCATCATGCCC.4CCCCTCATCA - 3' 

Fig. 5. Nucleotide and translated amino acid sequence of GPR8. The putative 
tmnsmembrane domains are shaded and numbered. Potential N-linked glycosylation (V), 
PKA (a) and PKC (0) phospho~ylation, and palmitoylation (+) sites are indicated. Amino 
acids are numbered on the left, and nucleotides are numbered on the right. The three letter code 
for amino acids is used. 



Fig. 6. Amino acid comparison of GPR7 with GPR8 and related GPCRs. Shown are the 
amino acid sequences of the human 8-opioid receptor (DOR; accn: ~10.501). K-opioid receptor 
(KOR; accn: ~17298). 11-opioid receptor (MOR; accn: 179301). ORL-1 (accn: ~07871). and 
somatostatin receptors sstl (accn: m81829). sst2 (accn: m81830). sst3 (accn: m96738). sst4 
(accn: 107061). sst5 (accn: d16827), and orphan rzceptor GPR24 (accn: ~71092). Residues 
identical to GPR7 are boxed and shaded. Gaps (-) have been introduced to maximize the 
alignment between the sequences. The tnnsmembrane domain regions are indicated and amino 
acids are numbered on the right. The single letter amino acid code is used. 
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MOR, 37% KOR, and 30% with GPR24. As expected the amino acid identities were higher 

when only the amino acid sequences encoding the TMs were compared. The percent identities 

within the TMs were 45% with DOR, 46% with KOR, 45% with MOR, 44% with ORLI, 

49% with sstl, 47% with sst2,53% with sst3, 49% with sst4, 49% with s sd ,  and 36% with 

GPR24. An amino acid comparison between GPR7 and GPR8 with these related GPCRs is 

shown in Fig. 6. 

Since the receptors encoded by GPR7 and GPR8 were most closely related to the 

opioid receptors, they were tested for their ability to bind opioid ligands. Expression 

constructs for GPR7 and GPR8 were created in pcDNA3 and transiently expressed in COS-7 

cells. Membranes prepared (35 pg to% pglmembrane protein) from these cells were subjected 

to radioligand binding analysis with the non-selective opioid alkaloid ligands: 

[3H]bremazocine, [3H]diprenorphine or [3H]naloxone. Five concentrations (0.1 nM, 1 nM, 

10 nM, 30 nM and 70 nM) of the radiolabeled ligands was used, under competition with 10 

pM bremazocine, naltrexone, or naloxone. No specific binding was detected with any of the 

ligands used (data not shown). In addition, stable cell lines expressing GPR7 and GPR8 were 

tested for their ability to respond to several peptide ligands. Several endogenous opioid 

peptides were tested including dynorphin, bendorphin, leu-enkephalin, met-enkephalin, 

endomorphin-1, and endomorphin-?. All agonists tested were negative in activation assays 

that measured CAMP levels and intracellular Ca2+ levels. Also, other peptides were tested, 

including orphanin FQ (endogenous ligand for ORLl), somatostatin 14 and 28, and cortistatin 

(an endogenous peptide that binds to the somatostatin receptors), however, none bound to 

GPR7 and GPR8. These results suggest that, although both GPR7 and GPR8 are closely 

related to the opioid and somatostatin receptors, they do not encode opioid or somatostatin 

receptor subtypes. In contrast to our expression studies in COS-7 cells, membranes prepared 

from BHK cells stably expressing GPR7 bound [3H]bremazocine in the presence of 

levorphanol with high affinity (Kd - 6 nM), but at very low expression levels (-120 fmollmg 

membrane protein) (O'Dowd et al., 1995). Specific [3H]bremazocine binding was displaced 



with high concentrations (greater than 100 nM) of fXunaltrexamine, [D-Pro4]morphiceptin, p- 

endorphin, naltrindole, nor-binaltorphimine, and U-50488, but was not displaced with (6- 

31)f3-endorphin, naloxone, DPDPE, DAMGO, and (JTOP (O'Dowd et al., ?995). 

At the present time the endogenous ligands for GPR7 and GPRB are not known, 

however, since they display high identity with each other it is likely that they share a common 

endogenous ligand. Also, since these two receptors do not bind endogenous opioid or 

somatostatin peptides, it is likely that the endogenous ligand has yet to be discovered, likely 

being a neuropeptide related to opioid or somatostatin peptides. 
' 

(i) GPRB mutagenesis studies 

GPR7 and GPR8 appear to be unable to bind opioid ligands, however, they possess 

conserved residues located at analogous positions as residues present in the opioid receptors 

demonstrated to be critical for opioid binding (Sunatt et al., 1994: Befort et al., 1996). We 

reasoned that GPR7 and GPR8 may not be able to bind opioid ligands because residues that 

contribute to the formation of the opioid binding pocket are either absent in GPR7 and GPR8 

andlor that residues unique to GPR7 and GPRI may be preventing opioid binding by 

excluding ligands. We tested whether we could create an opioid binding pocket in GPR8 by 

replacing single and multiple residues located within some of the TMs with the analogous 

residues found in the p-opioid receptor. Both GPR7 and GPRI have an aspartic acid residue 

in TM3 (Asp116 in GPR7 and Asp124 in GPRB) at an analogous position to an aspartic acid 

residue found in TM3 of the opioid receptors which has been shown to be critical for ligand 

binding (Befort et al., 1996; Sunatt et al., 1994). A mutation of Asp147Ala in TM3 of the p- 

opioid receptor led to reduced affinity for several agonists, including small molecules and 

peptides, such as bremauxine and DAMGO (Befort el al., 1996). An additional residue, 

present in TM3, has also been shown to be critical for ligand binding to the opioid receptors. 

For example, a mutation of tyrosine 129 to alanine in TM3 of the 8-opioid receptor reduced $e 

binding affinity of agonists and antagonists (Befort et al., 1996). This tyrosine residue is 
' 



Fig. 7. A schematic representation of TM3, TM6, and TM7 of GPR8. The amino acid 
residues that are identical to any of the three opioid receptors are shaded, and those that are 
different are unshaded. Residues that have been mutated to the analogous residues in the p- 
opioid receptor are indicated. 



Fig. 8. A schematic representation of the GPR8 mutants. This figure summarizes the 
different GPR8 mutants that were created. Dots indicate the TM mutations that were created 
(see Fig. 7 for exact residues that were mutated). All mqlants were cpted in the expression 
vector pcDNA3 (Invitrogen). . . 



located adjacent to the critical Asp residue in TM3, and is conserved in all three opioid 

receptors. In contrast, the amino acid residues found at ,the analogous positions in TM3 of 

GPR7 and GPRB are different In GPR7, a ggltamine residue (Gln117) is found, and in 

GPRB, a charged His residue (His125) is found at this position. The positively charged His 

residue in TM3 might prevent the positively charged opioid agonists from forming the ionic 

pair with the adjacent negatively charged aspartic acid residue in GPRB. To determine whether 

the charged His residue in TM3 might negatively influence opioid binding to GPRB, we 

mutated this residue to tyrosine, the analogous residue found in the opioid receptors (see Fig. 7 

and 8). and tested the ability of this GPRB mutant to bind opioid ligands in radioligand binding 

assays. The wild-type GPR8 and p-opioid receptor, and the TM3 mutant were transiently 

expressed in COS-7 cells and membranes prepared (35 pg to 50 pg) from these cells were 

tested in radioligand binding assays with non-selective opioid ligands. The mdioligands used 

were [3H]bremazocine, [3H]naloxone, and [3H]diprenorphine, in concentrations of 0.1 nM, 1 

nM, 3 nM, 10 nM, 30 nM, 50 nM, and 70 nM, in the presence of 10 pM naloxone, 10 pM 

bremazocine or 10 pM naltrindol. The p-opioid receptor was expressed at high levels with 

Bmax values ranging from 0.6 pmollmg protein to 1.1 pmollmg protein (summarized in Table 

3). The Kd values were 0.5 nM for [3Hjbremazocine, 3.1 nM for [3H]naloxone, and 0.2, nM 

for [3H]diprenorphine, consistent for binding at the p-opioid receptor (summarized in Table 

3). However, the mutant GPR8 receptor did not bind bremazocine, naloxone, or 

diprenorphine, suggesting that GPRB cannot form an opioid binding pocket or that other 

residues in addition to His125 were preventing GPR8 from binding the ligands tested. 

In addition to the aspartic acid residue in TM3, a charged histidine residue in TM6 of 

the p-opioid receptor has been shown to be critical for ligand binding (Sunatt et al., 1994). A 

mutation of His297Ala in TM6 of the p-opioid receptor led to undetectable binding of 

naloxone, bremazocine and DAMGO (Sunatt et al.. 1994; Mansour et al., 1997). In addition, 

gain of function studies with opioid receptor-like ORL1, which is unable to bind opioid 

ligands, have also demonstrated the importance of the His residue in TM6 for opioid ligkd 



TABLE 3. Summary of GPR8 mutant results. 

GPR7 wild-type 

GPR8 wild-type 

p wild-type 

GPR8(TMl-5) + 
p(TM6-7) chimera 

p(TM1-5) + 
GPR8(TM6-7) 
chimera 

chimeras co- 
expessed 

TMD3 mutant 

TMD6 mutant 

TMD7 mutant 

TMDs3+6 mutant 

TMDs3+7 mutant 

TMDs6+7 mutant 

TMDs3+6+7 
mutant 

n.d. n.d. 

n. d. n. d. 

0.5 nM 3.1 nM 
0.9 pmoUmg protein 1.1 pmoUmg protein 

n. d. n. d. 

n. d. 

0.2 nM 
0.6 pmoUrng protein 

n. d. 

n. d. - not detected 
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binding. For example, ORLl contains a glutamine (Gln280) residue in TM6 at the analogous 

position to the His residue present in TM6 of the opioid receptors, but replacement of Gln280 

with His endows ORLl with the ability to bind opioid ligands, including bremazocine 

(Mollereau et al., 1996; Meng et al., 1996). This important histidine residue is also conserved 

in both GPR7 (His268) and GPRS (His277). The His residue in TM6 of the opioid receptors 

is surrounded by a large number of aliphatic nonpolar amino acids, which is likely to enhance 

the ionic interactions between the ligand and the receptor. This environment is in contrast to 

GPR7 and GPRS, which have polar amino acids near the His residue in TM6, which may 

adversely affect opioid binding, and may be the reason why the GPR8 TM3 mutant failed to 

bind the ligands tested. Thus, we mutated sevenl residues near His277 in TM6 of GPR8 to 

the analogous residues found in the p-opioid receptor, and tested the ability of this TM6 

mutant, as well as double mutants harbouring the TM3 and TM6 point mutations, to bind 

opioid ligands (Fig. 7 and 8). The TM6 mutant and the double mutants failed to bind 

bremazocine, naloxone, or di~renorphine (summarized in Table 3). suggesting that possibly 

other residues present in GPR8 were preventing opioid binding, or alternatively, that GPR8 is 

unable to form an opioid binding pocket. 

Gain of function studies with ORLl also demonstrated the importance of residues 

located within TM7 for opioid ligand binding, suggesting that perhaps this was the reason why 

the single and double TM3 and TM6 mutants of GPR8 failed to bind the opioid ligands tested. 

For example, a threonine (Thr302) residue located within TM7 of ORLl mutated to isoleucine, 

the residue conserved in all th'ree opioid receptors, endowed ORLl with opioid binding 

characteristics (Meng et al., 1996). This threonine residue is conserved at thc analogous 

positions in GPR7 (Thd93) and GPR8 (Thr302). Also, a cystcine residue conserved in all 

three opioid receptors and ORL1, is not conserved at the analogous positions in TM7 of both 

GPR7 and GFR8, which have an isoleucine (He292 in GPR7 and 11.301 in GPR8). These 

adjacent residues (IleThr301302CysThr) were mutated in GPR8 to the analogous residues 

found in the opioid receptors and this mutant, as well as double mutants (with either TM3 or 



TM6 mutations) and uiple mutants were tested opioid binding (Fig. 7 and 8). The single TM7 

mutant, as well as the two double and triple mutants, failed to bind bremazocine, naloxone, or 

diprenorphine (summarized in Table 3). These negative data suggest that GPR8 cannot form 

an opioid binding pocket 

Also, similar experiments were repeated with a GPR8 and p-opioid chimeric receptor 

(encoding TMI to TM5 of GPR8, and TM6 and TM7 of the p-opioid receptor), and the 

reciprwal p-opioid and GPR8 chimeric receptor (see Fig. 8 for schematic representation). No 

specific binding was detected for [3H]bremazocine, [3H]naloxone, and [3H]diprenorphine 

radioligands to either of the two chimeric receptors. Co-expression of the two chimeric 

receptors also failed to bind [3H]bremazwine, [3H]naloxone, and [3H]diprenorphine 

radioligands (summarized in Table 3). The chimeric receptors thus reveal no evidence for 

complementation through heterodimeric or other mechanisms (summarized in Table 3). 

(ii) Tissue distribution analysis and  chromosomal localization 

Northern blot analysis using poly(A}+ RNA isolated from several adult human brain 

regions revealed a single mRNA transcript (4.4 kb) encoding GPR7, in the cerebellum and 

frontal cortex, while much lower levels of the transcripts were visualized in the pituitary and 

hypothalamus (not shown). No mRNA transcripts were detected in caudate, accumbens, 

kidney or liver (not shown). The mRNA expression pattern for GPR7 was also determined in 

several rat regions by northern blot analysis. High levels of two mRNA transcripts (3.3 kb 

and 3.7 kb) were detected in hipthalamus and mid brain, with lower levels in the pons and 

striaturn, and even lower levels in the frontal cortex (Fig. 9). The high molecular weight 

transcript was present in fetus at high levels than the lower molecular weight transcript. No 

transcripts were detected in cerebellum, intestine, liver, kidney and spleen (Fig. 9). 

The mRNA tissue expression patlem was also examined for GPR8 by northern blot 

analysis. Using ply(A)+RNA isolated from several human brain regions, a single mRNA 

tmlscript (3.7 kb) was detected in h e  frontal cortex (Fig. 10). No transcripts were detected in 



Fig. 9. GPR7 tissue distribution analysis in rat. A Northem blot of poly(A)+ RNA (10 
@lane) isolated from the rat tissues indicated was prepared and hybridized with a radiolabeled 
fragment encoding rat GPR7. The molecular weight is indicated on the right. 
the cerebellum, hippocampus, hypothalamus, pons, putamen, and thalamus (Fig. 10). 
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Fig. 10. GPR8 tissue distribution analysis in human. A Northern blot of poly(A)+ RNA (10 
@lane) isolated from the indicated human brain regions was prepared and hybridized with a 
radiolabeled fragment encoding human GPRS. The molecular weight is indicated on the right 
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Fluorescence in situ hybridization (FISH) analysis was performed to assign the genes 

encoding GPR7 and GPR8 to a human chromosome. Briefly, the phage clones containing 

GPR7 and GPR8 were used to probe,mitotic figures prepared from cell cycle arrested human 

male lymphocytes. For GPR7,70% of the mitotic figures probed showed signals on one pair 

of chromosomes. The chromosome was identified by DAPI banding, and the signal was 

further localized by superimposing the photographs of the FISH analysis and the DAPI 

banding and summarizing the results of eleven figures, resulting in the signal being assigned to 

chromosome 10, region 10q11.2-21.1 (Fig. 11A). For GPR8, of the 122 mitotic figures 

examined only 57% showed signals on one pair of chromosomes, while 36% showed positive 

signals another pair of chromosomes. The chromosomes were identified by DAPI banding as 

chromosome 20 and chromosome 14, respectively. A total of 15 mitotic figures were 

photographed and the FISH analysis photographs were superimposed with the DAPI banding 

photographs, and the results were summarized, allowing for assignment of the signals to 

chromosome 20, region 20q13.3 and chromosome 14, region 14q23-24. Since the majority of 

the signals scored were located at the locus on chromosome 20q13.3, we concluded that the 

GPR8 gene was located in this region, and that a related sequence to GPR8 was present on 

chromosome 14q23-24 (Fig. 11B). 



Fig. 11. FISH analysis of (A) GPR7 and (B) .GPR8. Shown are the ideograms 
summarizing the results of the FISH analysis. Each dot represents the location of a fluorescent 
signal on the human chromosome indicated, probed with the respective phage clone. 



3.1.2 GPR7 and GPRB receptor-related PCR search: Cloning of the P2Y4 

receptor (uridine nucleotide receptor) 

Since the ASH data of GPR8 indicated the presence of a DNA sequence related to 

GPR8 in the human genome, and it appeared that it was not one of the previously identified 

PCR products (see Table 3). we designed two new degenente oligonucleotides (P5 and P6) 

based on the sequence of conserved regions (TM3 and TM7) of GPR7 and GPR8 (Fig. 12). 

GPR7 'PNLCS; ... v.. . 
I \  
GTCATGAGCGCCGACCGCTA 
r.G.......TG.....A.. 

i""\ 
GPR7 GGGGTTGAGCCAGCTGTT 
GPRB . - - . . .C.. . . .CGA.. . 

SENSE: 48-fold degenerate I I ANTISENBE: 16-fold degenerate 

P5 C C C A  A 
GTGATGAGTGTGGACCGCTA 

Fig. 12. Degenerate oligonucleotide design (P5 and P6). The indicated amino acid 
sequences from TM3 and TM7 of the orphan receptors GPR7 and GPR8 were aligned. The 
corresponding nucleotide sequences were alignedand the degenerate oligonucleotide sequences 
were determined. A 20-mer sense (PS) primer with a 48-fold degeneracy, and a 18-mer 
antisense (P6) primer with a I&fold degeneracy were designed. These primers were used to 
amplify human genomic DNA at several annealing temperatures (55.C. WC, and 42'C). The 
results of the PCR are summarized in Table 4. 

P6 C CCA 
GGGGTTGAGGCAGGTGTT 



TABLE 4. Results of GPR7 and GPR8 receptor-related PCR search. 

GenornlcDNA 
[cloning status ~ P C R  product I~eceplor 1 LlgandStalus I 55.C I 45% 

Novel clone 13 GPRl4 orphan 0 o 

clone 14 GPR30 orphan I o 

clone 15 GPR35 orphan 1 0 

Previously Cloned GPR1 orphan 4 5 

C5a known 25 7 

sstl known 9 I 

sst2 known o 4 

sst3 known 28 2 

sst4 known 2 o 

GPR7 orphan 17 1 

CCR~ known 26 0 

P2Y1 known 1 0 



The amplification products were separated by agarose gel electrophoresis and bands in the 

predicted size range (approximately 5-09 bp to 10133 bp range; not shown) were subcloned and 

sequenced. The translated nucleotide sequences of the PCR products were examined manually 

to identify those encoding GPCRs, and were compared with a personalized GPCR databank 

and those predicted to encode novel GPCRs were then compared with sequences within 

GenBank by performing BLAST searches. A list of the GPCRs encoded by each PCR product 

is shown in Table 4. As was observed from amplification of human genomic DNA with the 

first set of primers (see Table 2). the PCR products encoded a variety of GPCRs, including 

several previously identified GPCRs, but also three novel GPCRs (see Table 4). However, 

none of these novel PCR product displayed high sequence identity (approximately 30%) with 

GPR4 or GPR7, thus they do not correspond to the DNA sequence responsible for the cross- 

hybridizing signal observed with the FISH analysis of GPR8. 

Interestingly, two of the novel PCR products, clone 16 and clone 17, encoded 

receptors that were most closely related to the P2Y receptors, although the sequence identity 

was low (approximately 30%). and also shared an overall low identity of approximately 30% 

with each other. Full-length clones were eventually isolated from a genomic library (Nguyen et 

al., 1995; O'Dowd et al., 1997), and expression constructs in the retroviral vector, pLXSN, of 

each were created and stably expressed in 1321N1 cells (Nguyen et al., 1995). By virtue of 

their relationship with P2Y receptors, therefore, a collaboration with Dr. John Turner at the 

University of Missouri was initiated, whose group had successfully cloned a P2Y receptor 

subtype (Pam et al., 1994) to determine whether or not these two receptors encoded functional 

nucleotide receptors. Application of extncellular UTP to cells stably expressing the full-length 

receptor encoding clone 16 caused a rapid increase in [Ca2*]i, followed by a gradual decline to 

slightly above the prestimulation level when the cells were incubated in Ca2+-containing 

medium (Fig. 13A). In Ca2+-depleted medium, K P  caused a rapid increase in [Ca2]i that was 

of the same magnitude as the response in Ca2*-containing medium but which returned quickly 

to the prestimulation level. As also shown in Fig. 13A, extracellular ATP did not increase 
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Fig. 13. Effects of nucleotides on [Cazli in 1321N1 cells expressing clone 16. Panel A is a 
tmce from fura-2-loaded 1321N1 cells (1 x lo6 cells in 2 ml) stably expressing clone 16 
protein. ATP and UTP were added to the cell suspension at the times indicated by the arrows. 
Panel B shows the concentration-response curves for the indicated nucleotides. Data are 
expressed as a percentage of the increase in [Caz+]i elicited by a maximally effective 
concentration of UTP and represent the mean i S.E. of three experiments. For these 
experiments, maximally effective agonist concentrations increased [Caz*]i 7.5 i 1.2-fold above 
the resting value of 137 + 23 nM. ECM values for UTP, UDP, and 5-Br-UTP were 0.20 i 
0.09, 14 i 5, and 15 i 4 pM, respectively. 



[Ca2*]i. Concentration-response curves indicated that UTP was approximately 100-fold more 

potent than UDP and the UTP analog 5-Br-UTP (Fig. 13B). ITP and dTTP, at concentrations 

2100 pM, caused modest increases in [Ca2+]i (Fig. 13B). whereas other nucleotides and 

nucleosides, including GTP. CTP, ADP, UMP, and uridine, had no effect This agonist 

specificity profile is distinctly different from that of any reported P2 purinoceptor and indicates 

that clone 16 encodes a uridine nucleotide receptor (UNR). It is also important to note that the 

pharmacological profile of the expressed clone 16 receptor (Fig. 13B) is different from that 

reported for the uridine nucleotide-selective receptor identified in functional studies in rat C6- 

2B cells (Lazarowski et al., 1994), which exhibits a rank order potency of UDP > 5-Br-UTP > 

UTP. Whether this difference is indicative of species variations in agonist responsiveness or 

the existence of multiple UNR subtypes awaits further investigation. The PCR. product 

encoding clone 17 was used to obtain a full-length clone and subsequently renamed GPR20. It 

was similarly tested as UNR, but it failed to respond to any of the nuclwtides and nucleosides 

tested, and therefore it is not likely to encode an additional P2Y receptor subtype. The ligand 

for GPR20 currently is not known and it therefore remains an orphan receptor (O'Dowd et al., 

1997). 

The inability of ATP to increase [ca2+]i in 1321N1 cells expressing the UNR raised the 

question of whether ATP might act as an antagonist, similar to its effect on ADP activation of 

platelets (Gachet et al., 1991). We found that a 10-fold or greater molar excess of ATP 

inhibited the increase in [Ca2+]i induced by UTP. In a representative experiment, the increase 

in [Ca27i obtained with 0.5 pM'UTP was reduced by about 75% in the presence of 100 pM 

ATP. However, this effect was not unique for ATP since high concentrations of GTP and 

CTP also inhibited UTP-induced increases in [Ca2+]i. We are currently investigating the nature 

of this inhibitory effect. 

The mobilization of intmcellular Ca2' mediated'by the UNR is accompanied by an 

increase in the hydrolysis of polyphosphoinositides. In a representative experiment, UTP (1 

pM) increased the level of total [3H]inositol phosphates from a basal value of 2880 to 3807 



cpm. whereas the value with 100 pM ATP was 2923 cpm. In addition. inclusion of 100 pM 

ATP inhibited the response to 1 p M  UTP by about 800k, (3083 cpm), consistent with the ability 

of ATP to block UTP-stimulated &+ mobilization. The UNR does not appear to be coupled 

to adenylyl cyclase, since application of UTP to UNR-expressing cells did not cause an 

increase in cyclic AMP levels nor did UTP inhibit forskolin-stimulated cyclic AMP production 

(data not shown). 

The UNR, later renamed the FW4 receptor (Fredholm et al., 1997). shared the greatest 

overall identity with the PY2 (54%) and P2Y 1 (33%) receptors, and the identity was greater 

when only the TM regions were compared (74% and 48%. respectively). An alignment of the 

P2Y4 receptor with GPR20and related receptors is shown in Fig. 14. 

FISH analysis of metaphase spread chromosomes was used to identify the 

chromosomal location of the genes encoding the P2Y4 receptor and GPRZO. The gene 

encoding UNR was assigned to the long arm of chromosome X, region q13, and GPR20 was 

assigned to chromosome 8, region q24.3-24.2 (data not shown). 

The third PCR encoded a receptor, named GPR15, more closely related to the 

chemoattlactant receptors, and since the ligand has not been assigned it remains an orphan 

receptor (Heiber et al., 1996). 



Fig. 14. Amino acid comparison of the P2Y4 rgeptor with GPR2O with related GPCRs. The GPCRs shown include the human 
olphan receptors GPR23 (accn: 1166578) and Rbintron (accn: 111910), the mouse protease activated receptor 2 :PAR-2, awn: z35158), 
and the human P2Y4 receptor (accn: ~40223). Residues identical to GPR20 are boxed and shaded. Gaps (-) have been introduced to 
maximize the alignment between the sequences. The transmembrane domain regions are indicated and amino acids are numbered on the 
right.. The single letter amino acid code is used. 



3.1.3 Cloning of GPR3 and GPR6: A novel family 

The original PCR experiments with primers P1 and P2 (see Fig. 2) led to the isolation 

of several other DNA sequences encoding novel GPCRs more closely related to receptors other 

than the opioid receptors, including a pair of PCR products, clone 3 and clone 6, encoding two 

highly related novel GPCRs more closely related to the cannabinoid receptors (see Table 2). 

Full-length clones encoding the entire translational ORFs of clone 3 and clone 6 (Fig. 15) were 

isolated and renamed GPR3 and GPR6, respectively, revealing that the amino acid sequences 

were 59% identical, increasing to 72% when only the TMs were compared, clearly indicating 

that they are members of the same subfamily, representing a novel family of receptors 

(Marchese et al., 1994; Heiber et al., 1995). An amino acid comparison of GPR3 and GPR6 

with GPR7and GPR8 reveals that the identity was low ( 4 5 %  overall at the amino acid level). 

A search of the GenBank database revealed that a previously cloned orphan receptor, GPR12 

(Eidne et'al., 1991), displayed high identity to both GPR6 and GPR3 (approximately 56% 

overall and 66% within the TMs), clearly indicating that it was a third member of this novel 

subfamily. Of the known receptors this novel family of receptors was most closely related to 

cannabinoid receptors, CB1 and CB2 (29% ovenll and 33% within TMs at the amino acid 

level). An amino acid comparison of GPR6 with GPR3 and GPRl2, and the CB2 receptor is 

shown in Fig. 16. 

The receptors encoded by GPIU and GPR6 demonstrated the seven TMs characteristic 

of GPCRs with the typical conservcd amino acids residues (Fig. 15). Three consensus 

sequences for N-linked giycosyiation (AsnlO, Asnl7, and Asn.59) were located in the amino 

terminus of GPR6 (Fig. 15). Potential phosphorylation sites by PKC were found in the 

second (SerlS6 and Thrl89) and third (Thr282) intmcellular loops, and also in the carboxyl 

terminus (Ser364) (Fig. 15). Two cysteine residues (Cys353 and Cy355) separated by one 

amino acid were located in the carboxyl terminus, each a.potential candidate for modification by 

palmitoylation (Fig. 15). An interesting feature of the receptor encoded by GPIU and GPR6 is 



the absence of the cysteinc residue in the first extmcellular loop (Fig. 15; for reference see Fig. 

1). 

Fig. 15. Nucleotide and banslated amino acid sequence of GPR6. The putative 
tnnsmembrane domains are shaded and numbered. Potential N-linked glycosylation (V), and 
PKC (0) phosphorylation sites are indicated. Two cysteine (4) residues that could serve as 
sites for palmitoylation are also indicated. Amino acids are numbered on the left, and 
nucleotides are numbered on the right. The three letter code for amino acids is used. 





The gene encoding GPR6 was isolated by other researchers who attempted to assign a 

ligand to the receptor it encoded by testing various drugs in radioligand binding assays and 

a g 0 ~ ~ t  activation assays (Song et al., 1994). Membranes prepared from cells expressing rat 

GPR6 were tested in radioligand binding assays with Win55212-2, glibenclamide (a sulfonyl 

urea), baclofen (a GABAB agonist), nicotinamide-adenine dinucleotide (NAD), 1.3,di-ortho- 

toyl-guanidine (DTG) (a sigma receptor ligand), haloperidol, L-DOPA, (+)-butaclamol, 

clonidine, and galanin. Seveml ligands were also tested for their ability to alter cAMP levels. 

The ligands tested included anandamide (endogenous cannabinoid agonist), and related 

compounds palmityl-ethanolamide, y-linolenylethanolamide, dihomo-y-linolenylethanolamide, 

adrenylethanolamide, docosahexaenyl-ethanolamide; synthetic cannabinoid agonists 

WIN55212-2 (a prototypic aminoalkylindole); clonidine (imidazo-line agonist); neuropeptides 

a-melanccyte stimulating hormone (a-MSH). galanin, calcitonin gene related peptide, 

however none were shown to alter cAMP levels. Some ligands were tested for their ability to 

stimulate inositol phosphates. The ligands tested included leukotrienes B4, C4 and D4, ATP, 

dopamine, galanin, pancreastatin, and pancreastatin (26-51). however none had any effects on 

inositol phosphate levels. The natural ligand for this receptor remains to be identified, and it is 

possible that it may be a yet to be discovered endogenous molecule. 

(i) Tissue distribution analysis and chromosomal localization 

Northern blot analysis using poly(A)+RNA isolated from various regions of human 

bmin resulted in the detection of a single intense 1.8 kb mRNA transcript for gene GPR6 in 

putamen (Fig. 16). Lower levels, of the same molecular weight, were also detected in fronlal 

cortex, hippocampus, and hypothalamus (Fig. 17). Tianscripts were not detected in the 

cerebellum, pons, or thalamus (Fig. 17). A very similar expression pattern was observed in 

the rat Northern blot analysis of poly(A)+ RNA from rat brain regions revealed hybridization 

to a single mRNA transcript of 1.8 kb in length (Fig. 18). The greatest level of GPR6 mRNA 



Fig. 17. GPR6 tissue distribution analysis in human. A Northern blot of poly(A)+ RNA (10 
@lane) isolated from the human tissues indicated was prepared and probed with a radiolabeled 
fragment encoding human GPR6. The molecular weight is indicated on the right 



Fig. 18. GPR6 tissue distribution analysis in rat. A Northern blot of poly(A)+ RNA (10 
&lane) isolated from the nt tissues indicated was prepared and probed with a radiolabeled 
fragment encoding rat GPR6. The molecular weight is indicated on the right. 



expression was in striatum (caudate-putamen), followed by olfactory tubercle. Moderate to 

low amounts of GPR6 mRNA levels were detected in cortex, hypothalamus, pituitary, and 

hippocampus (Fig. 18). No signal was evident in thalamus or medulla pons (Fig. 18). A 

Northern blot of several n t  peripheral tissues revealed that no GPR6 mRNA transcripts were 

detected in heart, spleen. kidney, ovary, liver, and lungs (data not shown), suggesting that 

GPR6 is expressed exclusively in the brain. Others have shown that low levels of GPW 

mRNA transcripts are found in the brain, particularly the cerebellum and cortex, and to a lesser 

extent in the periphery including lung, kidney and testis (Iismaa et al., 1994; Eggerickx et al., 

1995). Low levels of GPRl2 mRNA tnnscripts were detected in the cortex and pituitary but 

not in the periphery (Eidne et al., 1991). It is interesting to note that in our studies we 

determined the tissue expression pattern of GPR6 mRNA transcripts by northern analysis, 

revealing an adundant level of expression in several brain regions, whereas with both GPW 

and GPR12, the levels of the mRNA transcripts were far too low to be detected by northern 

analysis and thus the tissue distribution had to be analyzed by the more sensitive RNase 

protection assays (Eidne et al., 1991; Iismaa et al., 1994; Eggerickx et al., 1995). 

FISH analysis was performed to assign the GPR6 gene to a human chromosome. The 

phage clone encoding GPR6 was used to probe 100 mitotic figures from human male 

lymphocytes. One pair of homologous chmmosomes bound the probe in 90 of the 100 mitotic 

figures examined. DAPI banding revealed that the probe hybridized to chromosome 6, and a 

more precise chmmosomal locus was obtained by superimposing the photographs from the 

FISH analysis and DAPI banding and summarizing the signals from 10 photographs, allowing 

for assignment of GPR6 to chromosome 6, region 6q21-q22.1 (data not shown). Similary, 

we assigned GPR3 to chromosome lp35-p36.1 (Marchese et al., 1994). and GPRl2 was 

assigned to chromosome 13q12 by others (Song et al., 1995). 



3.1.4 Cloning of GPRIO: Neuropeptide Y receptor-like 

Another PCR product, clone 10, that was isolated from our PCR experiments encoded 

a novel GPCR (see Table 2) more closely related lo neuropeptide Y receptors than to opioid 

receptors, and it was distantly related to GPR7, GPR8, and the family comprised of GPR3, 

GPR6, and GPRl2 (less than 30% overall at the amino acid level). This PCR product was 

used to screen a human genomic library, ultimately resulting in the isolation of a 6-kb Kpd 

fragment, renamed GPR10, containing a consensus sequence for an initiation methionine 

(Kozak, 1989), preceded by an in-frame stop codon, followed by an intronless ORF of 1107 

bp encoding a protein of 369 amino acids (Fig. 19). 

The receptor encoded by GPRlO demonstrated the seven TMs characteristic of GPCRs, 

and displayed the typical conserved amino acid residues (Fig. 19). In addition, consensus 

sequences for N-linked glycosylation (Asn27 and Asn36) were located in the amino terminus, 

and potential sites for phosphorylation by PKA were located in the second (Serl71) third 

(Thr275) intracellular loops (Fig. 18). A threonine residue (Thr275) within the third 

intracellular loop could also serve as a phosphorylation site for PKC (Fig. 19). 

A query of the GenBank database revealed that GPRlO was most closely related with 

the neuropeptide Y2 receptor and with the orphan receptor GIR GPRlO also demonstrated a 

notable degree of identity with the recently identified orexin receptors. Overall the amino acid 

identity with NPY Y2 was 35%, with GIR it was 33%. with orexin receptor (OXR) 1 it was 

33%, and with OXR2 it was 32%. When only the TMs were compared the amino acid identity 

increased to 44% with the neuropeptide Y2 receptor, 42% with GIR, 41% with OXR1, and 

39% with OXR2. An amino acid comparison of GPRlO with these related GPCRs is shown 

in Fig. 20. 
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Fig. 19. Nucleotide and translated amino acid sequence of GPR10. The putative 
transmembrane domains are shaded and numbered. Consensus sequences for post- 
tnnslational modifications such as two potential N-linked glycosylation (V) sites within the 
amino terminus, PKA (W) and PKC (0) phosphorylation sites within the intmcellular loops are 
indicated. Amino acids are numbered on the left, and nucleotides are numbered on the right. 
The three letter code for amino acids is used. 

(i) Reverse pharmacology: Identification of the endogenous ligand for  

GPRlO 

Since GPRlO was most closely related to the neuropeptide Y receptors, we sent an 

expression construct encoding GPRlO to Dr. Paul Gregor at Bayer Corporation, a 





neuropeptide Y receptor specialist, in collaboration for attempts to assign a ligand. Membranes 

prepared from COS-7 cells transiently expressing the receptor encoded by GPRlO failed to 

bind neuropeptide Y and related pptides. Although, an exhaustive testing with other 

endogenous ligands was not conducted, it was possible that the endogenous ligand had yet to 

be discovered. GPRlO was of interest to many researches, especially because of its expression 

in the hypothalamus (see below), suggesting a role for this receptor in some neuroendocrine 

function, which spurred a search to discover the endogenous ligand, in efforts to elucidate its 

precise physiological role. Recently, a novel peptide was isolated from rat hypothalamus by 

using a GPRlOas the target in agonist activation assays, and is apparently the cognate ligand 

for the receptor encoded by GPRlO (Hinuma et al., 1998). The novel peptide has been called 

prolactin releasing peptide, because of its ability to cause release of prolactin from the pituitary 

(Hinuma et al., 1998). 

(ii) Tissue distribution analysis and chromosomal localization 

A northern blot of poly (A)+ RNA isolated from several human brain regions was 

probed to determine the tissue expression pattern of GPRlO mRNA transcripts. Transcripts 

were not detected in any of the brain regions examined including, putamen, pons, 

hypothalamus, hippocampus, frontal cortex, thalamus or cerebellum following 2 weeks 

exposure to X-ray film (data not shown). Another group reported the cloning of a novel 

receptor referred to as UHR-1 (unknown hypothalamic receptor), accn: S77867). encoding the 

rat orthologue of GPRlO (welch et al., 1995). Although we were unable to detect any GPRlO 

mRNA transcripts in human brain by northern blot analysis, these researches were able to 

detect high levels of a single 4.2-kb mRNA transcript in rat pituitary, and lower levels in 

cerebellum, hypothalamus, pons, and hippocampus by northern blot analysis (Welch et al., 

1995). No transcripts were detected in mt neonatal brain, and liver, lung, pancreas, kidney, 

spleen, intestine, testes, thyn~us, aorta, heart, skeletal muscle, or diaphragm, or in 

unstimulated PC12 cells (Welch et al., 1995). 



FISH analysis was pelformed to assign the gene encoding GPRlO to a human 

chromosome. Of the 104 mitotic figures examined, only 54 showed hybridization signals on 

one pair of chromosomes. DAPI banding revealed that the pmbe hybridized to chromosome 

10. A more precise chromosomal locus was obtained by superimposing the photographs from 

the FISH analysis and the DAPI banding and summarizing the signals from 10 photographs, 

allowing for assignment of GPRlO to chromosome 10, region 10q25.3-q26.1 (data not 

shown). 

3.1.5 Cloning of GPRl:  Chemoattractant receptor-like 

We also amplified a human hippoc3mpus cDNA libmry (Clontech) in our PCR 

experiments in an attempt to isolate the DNA sequences encoding opioid receptor subtypes and 

related receptors. The hippocampus was selected as a template because it is a region that has 

been shown to express the three major opioid receptor subtypes, p, 6,  and K (Mansour and 

Watson, 1994). The DNA sequences encoding GPCRs expressed in the hippocampus 

including the somatostatin receptors and several others, including GPR7 and GPR8 (see Table 

2). Of the opioid receptors, only the DNA sequence encoding the K-opioid receptor was 

amplified, possibly due to the quality of the library. The amplification of the hippocampus 

cDNA was not as successful as the amplification of the genomic DNA in terms of isolating the 

DNA sequences encoding novel GPCRs (see Table 2), however, we did succeed in identifying 

one product, clone 1, that was not observed with the genomic DNA amplifications. This PCR 

product was used to probe the same human hippocampus cDNA library to attempt to obtain the 

full-length translational ORE From this screening, we obtained 39 independent phage clones 

which were purified to homogeneity, and each insert subcloned into pBluescript. Sequence 

analysis revealed that all of these clones encoded the same gene (i.e. overlapping sequence 

identical to clone I), but none encoded the full4ength translational ORE One of the cDNA 

clones, 1.4-kb in length, contained an O W  of 914 bp but was truncated at the 5' end in 

sequence predicted to encode TM2. Subsequently, a clone (a 4.5-kb PstI fragment) was 



isolated from a human genomic library, renamed GPRl, containing a consensus sequence for 

an initiation methionine (Kozak, 1989). preceded by an in-fme stop codon, followed by an 

intronless ORF of 1065 nucleotides encoding a 355 amino acid protein (Fig. 21). 

The receptor encoded by GPRl demonstrated the seven TMs characteristic of GPCRs, 

and displayed the typical conserved amino acid residues (Fig. 21). Consensus sequences for 

N-linked glycosylation were located in the amino terminus (Asnl4) and second (Asn183) 

extracellular loop (Fig. 21). Consensus sites for phosphorylation by PKC were located in the 

first (Thr7O) and third (Thr237) intlacellular loops (Fig. 21). Threonine 237 also could 

potentially serve as a phosphorylation site by PKA (Fig. 21). The carboxy terminus contained 

a cysteine (Cys332) residue which could potentially serve as a palmitoylation site (Fig. 21). A 

notable feature of the receptor encoded by GPRl was the presence of a histidine residue as part 

of the conserved motif sequence at the carboxyl end of TM3. Typically the sequence found in 

most GPCRs is the DRY motif, with the R being invariant (Probst et al., 1992). therefore since 

a DHY motif is located in the receptor encoded by GPR1, and since this motif sequence has 

been implicated in receptor activation, it suggests that GPRl coupling to G proteins might be 

affected. To determine whether the same exists for the rat orthologue of GPR1, we isolated a 

phage clone encoding rat GPRl from a rat genomic library, from which we subsequently 

subcloned a 3-kb Xbal fmgment encoding an intronless ORF of 1059 nucleotides encoding a 

protein of 353 amino acids (Fig. 22) (Marches et al., 1994). Just as human GPR1, the 

receptor encoded by rat GPRl contained potential N-linked glycosylation sites within the 

amino terminus (Asnl4) and thiid extracellular loop (Asn273) (Fig. 22). A potential site for 

phosphorylation was located within the third intracellular loop (Thr231), and a cysteine 

(Cys330) residue lcated within the carboxyl terminus may serve as a site for palmitoylation 

(Fig. 22). Most of the residues were conserved between the two GPRI orthologues (human 

and rat), however, the motif sequence following TM3 (see Fig. 1). which is important for 

receptor activation, was different in the two orthologues. Human GPRl contained a D-H-Y 

motif (see Fig. 21). and rat GPRl contained thc more conserved D-R-Y motif (see Fig. 22). 
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Pig. 21. Nucleotide and Uanslated amino acid sequence of human GPR1. The putative 
transmembrane domains are shaded and numbered. Potential N-linked glycosylation (V), 
PKA (a) and PKC (0) phosphorylation sites are indicated. A potential palmitoylation site (+) 
located within the carboxy terminus is indicated. Amino acids are numbered on the left, and 
nucleotides are numbered on the right. The three letter code for amino acids is used. 
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Fig. 22. Nucleotide and trimslated amino acid sequence of mt GPR1. The putative 
transmembrane domains are shaded and numbered. Just as human GPRl, the amino acid 
sequence of rat GPRl contains consensus sequences for.post-tnnslationd modifications, such 
as, N-linked glycosylation (V). PKC (0) phosphorylation, and palmitoylation (+). The 
arginine residue in the D-R-Y motif that is different from that found in human GPRl is 
underlined. Amino acids are numbered on the left, and nucleotides are numbered on the right. 
The three letter code for amino acids is used. 



Although, different versions of this motif exist, they are never divergent behveen orthologous 

receptors (Probst et al., 1992). thus this difference may result in a difference in function 

between the two orthologous receptors. 

A query of the GenBank database revealed that the amino acid sequence encoded by 

GPRl was most closely related to chemoattmctant receptors and to an orphan receptor (Dez) 

closely related to orphan receptors. Overall, the amino acid identity was 37% with the human 

orphan receptor Dez, 35% with the C3 anaphylatoxin (C3a) receptor, 33% with the C5 

anaphylatoxin (C5a) receptor, 34% with formylpeptide receptor FPR2, 32% with 

formylpeptide receptor FPR1, and 32% with formylpeptide-like orphan receptor FPRL2. As is 

typical for GPCRs, the amino acid identity increased when only the TMs were compared, to 

47% with Dez, 48% with C3aR, 43% with CSaR, 44% with FPR2,41% with FPR1, and 41% 

with FPRL2. An amino acid comparison of GPRl with related GPCRs is shown in Fig. 23. 

Since GPRI was related to the chemoattmctant receptors we sent an expression 

construct encoding GPRl to Dr. Philip Murphy at the National Institute of Health (NIH), a 

chemoattmctant receptor expert, to assay for ligands. HEK293 cells stably expressing GPRl 

were tested with several peptide chemoattmctant agonists for their ability to alter CAMP levels 

and intracellular Ca2+ levels. The endogenous peptides C5a, C4a, and C3a anaphylatoxins, 

and formylpeptide failed to activate the receptor, therefore, suggesting that GPRI is unlikely to 

bind any of the known chemoattractant peptides. However, because GPRl is related to the 

chemoattnctant receptors, speculatively, its cognate ligand may be a novel peptide related to the 

known chemoattmctant peptid&. Other non-peptode chemoattnctant molecules such as 

platelet-activating factor and leukotrienes, which are lipid molecules, have yet to be tested. 

(i) GPRl is a co-factor for SIV infection 

Recently it has been shown that GPCRs belon&ng to the chemokine receptor family 

can act as co-receptors for HIV entry into cells along with the CD4 receptor on both 

macrophages and T cells (reviewed by Littman, 1998). The receptor encoded by GPRl was 





found to be a co-receptor for viral entry into cells for certain strains of SIV, but not HIV, 

although weakly (F- el al., 1997). While GPRl is not apparently expressed on primary 

CD4+ lymphocytes, it is expressed on tissue macmphages and in the brain and thus may play a 

role in SIV infection of particular nonlymphoid target cells (see below; Fanan et al., 1997). 

(ii) Tissue distribution analysis and chromosomal localization 

A northern blot of poly(A)+ RNA isolated from several human brain regions was 

probed with a fragment encoding GPRl to determine the tissue expression pattern of GPRl 

mRNA transcripts. A single 2.2-kb mRNA, transcript was detected at high levels in 

hippocampus (Fig. 24). However, no mRNA transcripts were detected in putamen, pons, 

frontal cortex, thalamus, or cerebellum (Fig. 24). We also examined several peripheral tissues 

such as neutrophils and monocytes, since these cell types express many of the known 

chemokine receptors, but no transcripts were detected (data not shown). The tissue expression 

pattern of GPRl was also examined by others (Farran et al., 1997). GPRl mRNA transcripts 

were detected in U87 cells and human alveolar macrophages, but not in primary human T 

lymphocytes, activated rhesus macque PBMCs, or CEMx174 (Farzan et at., 1997). 

The mt orthologue of GPRl was used to determine the mRNA tissue expression pattern 

for GPRl in n t  by northern blot analysis. Poly(A)+ RNA was isolated from seveml brain 

regions including thalamus, pons, hypothalamus, frontal cortex, cerebellum, putamen, and 

hippocampus, however, no mRNA transcripts were detected in any of these regions (data not 

shown). Interestingly, rat GPRl expression differs from human in that it is not expressed in 

the hippocampus. In situ hybridization studies of tissue slices prepared from n t  brain revealed 

that GPRl was not expressed in rat brain, confirming the northern blot data (data not shown). 

The mRNA tissue expression pattern for GPRl was then examined in sevenl periphenl n t  

tissues by northern blot analysis. Two GPRl mRNA h c r i p t s  were detected in the kidney, 

each appmximately 2.2 kb in length, and lower levels of only the high molecular weight 



transcript was detecled in spleen, and lower molecular weight transcript in heart (Fig. 25). No 

GPRl mRNA wanscripts were detected in the lung, ovary, intestine and whole brain (Fig. 25). 

Fig. 24. GPRI tissue distribution andysis in human. A Northern blot of poly(A)+ RNA (10 
&lane) isolated from the human brain regions indicated was prepared and probed with a 
ndiolabeled fngment encoding human GPRI. The molecular weight is indicated on the right 
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Fig. 25. GPRl tissue distribution analysis in rat. A Northern blot of poly(A)+ RNA (10 
pgllane) isolated from the rat tissues indicated was prepared and probed with a radiolabeled 
fmgment encoding rat GPRI. The molecular weight is indicated on the right. 
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FISH analysis was performed to assign the gene encoding GPRl to a human 

chromosome. The phage clone encoding GPRl was used to pmbe 160 mitotic figures, of 

which 7@% bound to a single pair of chromosomes, and 25% bound to a sectmd pair of 

chromosomes. Staining with DAPI, and the summary of twenty photographs allowed for 

assignment of the FISH signals to human chromosome 15, region q21.6 and chromosome 2, 

region 2q32.3-q33 (Fig. 26). Since the hybridization lrequency was much higher on 

chromosome 15 than on chromosome 2, the gene encoding GPRl is most likely located on 

chromosome 15, region q21.6, and the locus on chromosome 2, region 2q32.3-q33 may 

represent a locus for a sequence related to GPRI. 



Fig. 26. FISH analysis of GPRI. Shown are the ideograms summarizing the results of the 
FISH analysis. Each dot represents the location of a fluorescent signal on h e  human 
chromosomes indicated, probed with the phage clone encoding GPR1. 
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3.2 GP.RI Receptor-Related PCR Search 

GPRl was mapped by FISH analysis to chromosome 15, region q21.6. However, the 

probe encoding GPRl also cmss-hybridized with a lcci located on chromosome 2. In an 

attempt to identify the nature of this cross-hybridization signal and to isolate novel genes related 

to GPR1, human genomic DNA was subjected to PCR amplification using a new pair of 

degenerate oligonucleotides designed based on sequences encoding TM2 (P3) and TM7 (P4) of 

the receptor encoded by GPRl and the C5a anaphylatoxin receptor (Wg. 27). 

Fig. 27. Degenerate oligonucleotide design (P3 and P4). The indicated amino acid 
sequences fmm TM2 and TM7 of the C5a anaphylatoxin receptor (CSaR) and orphan receptor 
GPRl were aligned. The corresponding nucleotide sequences were aligned and the degenerate 
oligonucleotide sequences were determined. A 20-mer sense (P3) primer with a 64-fold 
degeneracy, and a 26-mer antisense (P4) primer with a 32-fold degeneracy were designed. 
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The conditions for the PCR were identical to those described for primers P1 and P2, except 

that only two annealing temperatures were used (55'C and 45'C) and only genomic DNA was 

used as the template. The aniplilication products were separated by agarose gel electrophoresis 

and a photograph is presented in Fig. 28. Bands in the predicted size range were subcloned 

and sequenced. 

Fig. 28. Agarose gel electrophoresis of PCR products.amplified with P3 and P4. Shown are 
the PCR products (1110) from the amplification of human genomic DNA at the two indicated 
annealing temperatures using primers P3 and P4. Electrophoresis was on a 0.6% low-melt 
agarose gel stained with ethidium bromide in 1 x TBE running buffer. The molecular weight is 
indicated on the right 



The sequences of each PCR product were used to query the publicly available sequence 

database maintained by the NCBI by performing BLAST searches, and the results are 

summarized in Table 5. As expected, PCR products encoding receptors that had previously 

been cloned (8 in total) were amplified, which included, as expected. GPRI and the C5a 

receptor at the highest frequency. The DNA sequences encoding other receptors were also 

isolated, including four somatostatin receptor subtypes, GPR7, chemokine receptor CCR1, 

and P2Y receptor subtype P2Y1. We also identified three PCR products encoding novel 

GPCRs, which we refer to as clone 13, clone 14, and clone 15 and are discussed in greater 

detail in the sections that follow. 

3.2.1 Cloning of GPRI4: GPR7 and GPR8 receptor-like 

One of the PCR products, clone 13, encoding a novel GPCR was used to screen a 

human genomic library in order to isolate a clonc encoding the full-length translational OW, 

however, no positive probe-binding phage clones were obtained. Subsequently, the rat 

orthologue of clone 13 was amplified from genomic DNA in the PCR using primers designed 

based on the sequences encoding TM3 and TM6. A clone encoding the rat orthologue was 

obtained and was used to isolate a phage clone from a rat genomic library, ultimately, leading 

to the isolation of a 7-kb Sac1 fragment, renamed GPRl4, which contained sequence that 

corresponded to a consensus sequence for an initiation methionine (Kozak, 1989), preceded by 

an in-frame stop codon, followed by an intronless ORF of 1161 bp encoding a protein of 386 

amino acids (Fig. 29). 

The receptor encoded by GPR14 demonstrated the typical seven TMs characteristic of 

GPCRs, and displayed the typical conserved amino acid residues (Fig. 29). Two potential 

glycosylation sites were located within the amino terminus (As1129 and Asn33) (Fig. 29). A 

potential site for palmitoylation wzs present within the kboxyl terminus (Cys339) (Fig. 29). 

There were no consensus sequences for phosphorylation by PKC and PKA located within the 

intracellular domains, although there were threonine and serine residues located within the 



TABLE 5. Results of GPRl  receptor-related PCR search. 

I Genomlc DNA 
l~lonlnq StaNs IPCR product I ~ e c e ~ l o r  I Ligand Stalus 1 55% 1 50'C 1 42'C 

Novel 

Prevlously Cloned 

clone 16 P2Y4 

clone I 7  GPR15 

clone 18 GPR20 

GPR7 

GPRB 

sstt 

ssn 

sst3 

sss 

82 

known 

orphan 

orphan 

orphan 

orphan 

known 

known 

known 

known 

known 



carboxyl terminus that could potentially serve as phosphorylation sites for GRKs. 

Interestingly, an aspartic acid residue (Aspl30) was found in TM3 (Fig. 29). at the analogous 

position as the aspartic acid residue found in GPR7, GPR8, and the opioid and somatostatin 

receptors. 

A query of the GenBank database revealed that GPR14 was most closely related to 

somatostatin and opioid receptors, as well as the orphan receptors GPR7 and GPR8. GPRl4 

showed the highest identity with somatostatin receptor sst4 (31% overall at the amino acid 

level), followed by GPR8 (30% overall at the amino acid level), the p-opioid receptor (29% 

overall at the amino acid level), and GPR7 (28% overall at the amino acid level). When only 

theTMs are compared the identity increases 1041% with sst4,34% with the p-opioid receptor, 

37% with GPR8, and 33% with GPR7. The overall identity of GPRl4 with other members of 

the opioid and somatostatin receptor families ranges from approximately 22% to 27%. An 

amino acid comparison of GPRl4 with the related GPCRs is shown in Fig. 30. 

A northern blot of poly (A)+ RNA isolated from several human urain regions was 

prepared and probed with a fragment encoding GPRl4 to determine the tissue expression 

pattern of GPR14 mRNA transcripts. GPR14 mRNA transcripts were not detected in 

putamen, pons, hypothalamus, hippocampus, frontal cortex, thalamus or cerebellum following 

2 weeks exposure (data not shown). Also, GPR14 transcripts were not detected in the 

following rat tissues: brain, heart, spleen, kidney, ovary, lung and liver (data not shown). 

The sequence of n t  GPR14 also was reported by others, named SENR, for sensory 

epithelium neuropeptide-like receptor (Tal et al., 1995). RNase protection analysis revealed 

that SENR was expressed in CVP, retina, olfactory epithelium, and choroid plexus (Tal et al., 

1995). SENR transcripts were not detected in respiratory epithelium, non-sensory tongue 

epithelium, retinal pigment epithelium, adrenal tissue, intestine, liver, lung, pancreas, kidney, 

ovary, testes, uterus, iris, ciliary body, and choroid of'the eye (Td et al., 1995). We were 

unable to detect GPR14 mRNA transcripts in any of the brain regions and tissues examined, 

consistent with the data reported by Tal et al., (1995). 



... 
net N a  mu ser Leu o l u  ser 

CTCCTU\CTDIYICAGTGGTICTCCCC-TCCC-GACCGAG ATG GCT CTG ACC CTG GAG TCT 
8 3 0 1  
T h r  T h r  ser Phe Hia net Isu T h r  Val ser G l y  Ser T h r  Val T h r  G l u  Leu P m  G l y  Asp 
m m A C C m m A T G m A C C ~ m G ~ m A C T G T G m ~ c T G c C T ~ G x  
2 8  V V 3 6 1  
ser Asn Val Ser Leu A m  ser Ser T r p  Ser G l y  P m  T h r  Asp P m  8er ser Leu L y s  Asp 
m A A C ~ T c c C T C ~ ~ T C C T O O m G G E C C A m G A T C C C C . T C C C T G M G A C  
4 8  1 4 2 1  
1.0" Val N a  T h r  G l y  Val I l o  G l y  ~ , 5 1 c r r . * r d ~ ~  
CTT GTG GCC ACG om GTC ATC GGG GCA GTG crc TCA GCC ATG GGT GIG GIG GGC ATG GTG 
6 8  4 8 1  

- - i A r g  Phe mu Aq Ala Ser Ala Ser net Tyr 
GGA AAT GTA TAC A m  TIG GTG GTC ATG TGC CGG TIT CTG CGT GCC TCG GCC TCC ATG TAC 
8 8  2 5 4  1 

GTC TAT GTG GTC AAC CTA GCG CTG GCT GAT CTG CTG TAC CTG CIIi AGC ATT CCC ATC 
1 0 8  6 0 1  
0- ~ h r  ~ y r  val T h r  ~ y s  A s p  ~ r p  mi. Phe o l y  A s p  Val ~ l y  c y s  Aq 
ATA GCC ACC TAC GTC ACT AAG GAC TGG CAC TX' GGA GAT GTG GGC TGC AGA GTC CTC TIT 

1 4 8  7 2 1  
Arp T y r  Ala Ala Val Leu Arg P m  Leu A s p  T h r  Val G l n  A q  Ser L y s  G l y  Tyr Arg L y s  
CGC TAT GCA GCC GTA CTG AGG CCT CTG GAC I\CA GTC CAG CGC TCC AAG GGT TAC CGT AAG 

7 8 1  
&-i , l e h & ! & " ~  
CTG CTG GTG CTG GGC ACC TGG TlE cn; GCA CTG CTG C m  ACC CTA CCC ATG ATG CTP GCC 
1 8 8  8 4 1  
m m v a l  ~ r g  1 ~ g  ~ l y  ser ~ y s  ser MU c y s  ~ e u  Pm ~4 ~ r p  01y pro ~ r g  Ala 
ATC CAG CTG GTC CGC AGG GGC TCT AAG AGC CTC TGC CTG CCA GCC TGG GGC CCT CGT GCC 
2 0 8  5 9 0 1  
n i a  ~ r g  ~ h r  Tye wu -~-i-&- 
CAC CGT ACT TAC CTA ACG TlE CTC TIT GGG ACC AGC ATT GTG GGG CCT GGC TTC GTC ATT 
2 2 8  9 6 1  

u V Arq Leu A h  Arg Ala lyr T r p  Leu Ser G l n  G l n  Ala Ser Phe L y s  %- CGT CTG GCC AGG GCC TAC TGQ CTA TCT CAG C M  GCT TCT TIC AAG 
2 4 8  0 1 0 2 1  
o l n  ~ h r  Arg 1 ~ g  l e u  P m  h n  P m  Aq val Leu Tyr # & X * 
CAG ACA CGG CGG CTG CCC AAC CCC AGG GTG CTC TAC CTC ATC CG GGT ATC GTC CTT CTC 
2 6 8  1 0 8 1  

GGC AAC AGT TGC ATC AAT CCC TXi CTC TAC ACT CTG CTC ACC AAG AAC TAT CGA GAG TAC 
3 2 8  1 2 6 1  
Leu ~ r g  G l y  ~ e q  G l n  Arg ser Leu G l y  ser Ser C y s  Rie Ser pro ~ l y  Ser P m  ~ l y  Ser 
CTA CGT GGC CGC CAG CGG TCA CTG GGT AGT AGT TGC CAC AGC CCA GGG AGT CCT GGC AGC 
3 4 8  1 3 2 1  
Phe Leu P m  ser AE9 Val Hia Leu G l n  G l n  A s p  Ser G l y  Rrg Ser Leu Ser Ser Ser See 
m cn; ccc AGC CGA GTC CAC CTC CAG CAG GAC TCG GGC CGC TCG CTG TCC TCC AGC AGC 
3 6 8  1 3 8 1  
G l n  G l n  Als T h r  G l u  T h r  Leu Met l e u  Ser P m  Val Pro Arq A m  G l y  Ala l e u  Leu Stop 
CAR CAG GCC ACA GAG ACC CTC ATG CTG TCT CCA GTC ccc cm AAC GGG GCC C ~ T  CTC TGA 

Fig. 29. Nucleotide and translated amino .acid sequence of GPR14. The putative 
transmembrane domains are shaded and numbered. Two consensus sequences for N-linked 
glycosylation (V) located within the amino terminus are indicated. A potential palmitoylation 
site (4) located within the carboxy terminus is indicated. Amino acids are numbered on the 
left, and nucleotides are numbered on the right. The three letter code for amino acids is used. 





3.2.2 Cloning of GPR30: Related to chernoattractant receptors 

The second PCR experiment using primers P3 and P4 led to the isolation of another 

PCR product, clone 14, encoding a novel receptor, however, it shared low identity with 

GPR14 (less than 26% at the amino acid level). The PCR product was used to screen a human 

genomic library ultimately resulting in the isolation of a 3-kb XhoI fragment, renamed GPWO, 

containing a consensus sequence for an initiation methionine (Kozak, 1989). preceded by an 

in-frame stop d o n ,  followed by an O W  of 1125 bp encoding a protein of 375 amino acids 

(see Fig. 31). The gene enccding GPWO was assigned to human chromosome 7, region p22 

by FISH analysis (data not shown). 

A comparison of the sequence encoded by GPWO with sequences in the GenBank 

database revealed that it was most closely related with members of the chemoattractant receptor 

family. Ovenll GPR30 demonstmted an identity of32% with formylpeptide receptor FPRL2, 

32% with formylpeptide-like receptor FPR2, 30% with CSaR, 29% with the chemoattmctant 

receptor related orphan receptor Dez, 26% with formylpeptide receptor FPR1. The identity 

within the TMs domains was 3 1 % with FPRL2,30% with FPR2, 29% with CSaR, 31% with 

Dez, and 29% with FPRI. GPR30 showed very little identity to GPRl (less than 25% ove.Al 

at the amino acid level). An amino acid comparison of GPR30 with the related GPCRs shown 

in Fig. 31. 

The sequence encoding human GPWO was cited in the literature six times and others 

have attempted to assign a ligand to GPR30 (Owman et al., 1996; Feng and Gregor, 1997; 

Bonini et al., 1997, Kvingedal jnd Smeland, 1997, Takada et al., 1997, and C m e c i  et al., 

1997). Stable cell lines (CHO) expressing GPR30 were examined for their ability to respond 

to sevenl ligands. Ligands that failed to affect CAMP levels include the chemotactic peptides 

1L8, GRO-a, MCP-1, MCP-3, MIP-la, MIP- 1i3, C3a, C5a, RANTES, and LTB4 (Owman 

et al., 1996). Membranes prepared from COS-7 cells transiently expressing GPR30 failed to 

bind angiotensin I1 (Feng and Gregor, 1997). Therefore these results suggest that GPR30 is 

unlikely to bind any known peptide, and that its cognate ligand has yet to be discovered. 





A northern blot of poly(A)+ RNA isolated from various human tissues was probed to 

determine the tissue expression pattern of GPIUO mRNA transcripts. A single 3-kb mRNA 

transcript was detected in liver, basal forebrain, frontal cortex, thalamus, hippocampus, 

caudate and pulamen (Fig. 32). Our tissue distribution studies are in agreement with those 

reported by others, but some additional tissues were examined. A single 2.6-kb mRNA 

transcript was detected in high levels in heart, placenta, lung, liver, skeletal muscle, kidney and 

pancreas (Carmeci et al., 1997; Owman et al., 1996; Feng and Gregor, 1997). 

Fig. 32. GPR3O tissue distribution analysis in human. A Northern blot of poly(A)+ RNA 
(10 pgllane) isolated from the human brain regions and tissues indicated was prepared and with 
a ndiolabeled fragment encoding GPR30. The molecular weight is indicated on the right. 
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In oder to determine a more precise tissue expression pattern in the brain, in situ 

hybridization experiments were conducted in rat brain slices. GPWO mRNA transcripts were 

detected in very discrete areas of the brain. The highest expression was in the primary 

olfactoly cortex, olfactory tubercle, nucleus of the lateral olfactory tract, hippocampal areas of 

Amnon's horn and dentate gym. GPWO mRNA was also densely concentrated in many 

hypothalamic nuclei, such as the panventricular, supraoptic, arcuate and suprachiasmatic 

nuclei. The signal detected in caudate nucleus and cortex was diffuse and much less abundant 

(Fig. 33). 

Fig. 33. In situ hybridization analysis of GPWO. Autoradiogram of a coronal section of rat 
brain showing the localization of GPWO mRNA transcripts in a representative section at a level 
relative to the bregma at -1.8 mm for GPIUO, according to the coordinates by Paxinos and 
Watson (18). (CA, hippocampal area of Amnon's horn; DG, dentate gyms; MHb, medial 
habenular nucleus; PO, primary olfactory cortex; PVN, pareventricular nuclaus of 
hypothalamus; SCH, suprachiasmatic nucleus; SO, supraoptic hypothalamic nucleus; ZI, zona 
incerta). 



3.2.3 Cloning of GPR35: Related to the P2Y4 receptor 

The PCR experiment using primers P3 and P4 resulted in the isolation of another PCR 

product, clone 15. The PCR product,was used to screen a human genomic library ultimately 

resulting in the isolation of a 2-kb Kpnl-ClaI fragment, renamed GPR35, containing a 

consensus sequence for an initiation methionine (Kozak, 1989). preceded by an upstrean stop 

codon, followed by an intronless ORF of 933 nucleotides encoding a protein of 310 amino 

acids (see Fig. 34). The gene encoding GPR35 was assigned to human chromosome 2, region 

q37.3 by FISH analysis (data not shown). 

A search of GenBank revealed that the receptor encoded by GPR35 was most closely 

related with two orphan receptors, GPR23 and HM74, and of the known receptors, it was 

most closely related with the P2Y4 receptor. Overall, the amino acid identity was 36% with 

GPR23,32% with HM74 and 30% with the uridine nucleotide receptor P2Y4. When only the 

TMs were cornpared the identity was 39% with GPR23, 37% with HM74, and 30% with the 

P2Y4 receptor. An alignment of GPR35 with the related GPCRs is shown in Fig. 34. 

Northern blots of poly(A)+ RNA isolated from several human and rat tissues and brain 

regions were probed to determine the tissue expression pattern of GPR35 mRNA transcripts. 

GPR35 mRNA transcripts were detected in the rat intestine, but not in the heart, spleen, liver, 

lung, ovary, kidney, or whole brain (data not shown). GPR35 mRNA transcripts were not 

detected in human caudate, putamen, thalamus, frontal cortex, pons, cortex, midbrain, medium 

pons, lung or adrenal (data not shown). 





3.3 dbEST Searching 

3.3.1 Cloning of GPR26: A potential LPA receptor 

Our second strategy for isolating the DNA sequence encoding GPCRs involved 

querying the dbEST maintained by the NCBl for cDNA sequences encoding novel GPCRs 

with the amino acid sequences of known GPCRs using the TBLASTN algorithm. Using this 

approach we identified an EST sequence (clone ID: HIBB055; GenBank accession no.: 

T09060), partially encoding a novel GPCR from what corresponded to intracellular loop 3 to 

the 3'-untranslated region, that was originally isolated from human infant brain. In order to 

obtain a clone encoding the full-length translational ORF, a human genomic libmry was 

screened using the EST fragment as a probe. One positive phage was obtained and after 

restriction digestion and Southern analysis a 5.2-kb BdII fragment was isolated. Nucleotide 

sequence analysis revealed that this fragment contained sequence that partially overlapped with 

sequence from the EST fragment, but which diverged at what appeared to be a consensus 

donor sequence for an intronlexon splice junction in the carboxy end of TM6 (Fig. 35). A 

fragment partially encoding the orthologous gene from rat wm obtained by PCR of rat genomic 

DNA using oligonucleotides designed based or. the human EST sequence predicted to be 

located within the same exon. A 5' stretch rat bmin cDNA libmry was screened and thirty-five 

positive phage clones were isolated, two of whicn were purified. Sequence analysis revealed 

that both of these clones, one 2 kb and the other 5.5 kb in length, encoded sequence identical to 

the rat PCR product. Both fragments contained a consensus sequence for a initiating 

rnethionine, preceded by an u p & m  in frame stop codon, followed by an ORF of 1011 

nucleotides encoding a 337 amino acid protein (Fig. 36). The gene encoding human GPR26 

was assigned to human chromosome chromosome 10, region 10q26 by FISH analysis (data 

not shown). 

The receptor encoded by GPR26 demonstrated the seven TMs chancteristic of GPCRs. 

and displayed the typical conserved amino acid residues (Fig. 36). It contains a very short 

amino terminal end, consisting of only 10 amino acids (Fig. 36). No consensus sites for 



Fig. 35. (A) Schematic representation and (B) partial nucleotide and translated amino acid 
sequence of human GPR26. 4 the partial genomic structure of the human GPR26 gene. The 
large rectangle represents the translational OW, and the small black numbered rectangles 
represent the TMs. Shown is the consensus sequence for intron donorlacceptor sites aligned 
with the intron acceptor site of the intron that interrupts the GPR26 tlanslational ORE The 
complete donor sequence of the intron in GPR26 is not known. Py, pyrimidine, and N, any 
nucleotide. B, the partial nucleotide sequence and translated amino acid sequence of GPR26. 
Exonic sequence is in capital letters and intronic sequence is in small letters. Amino acids are 
numbered on the left and nucleotides on the right. The line indicates noncontigous sequence 
and the underlined nucleotides represent the acceptor sequence for the intron. The intron 
sequence was obtained from the BglII genomic clone (see text) and the translational ORF 
sequence was obtained from the EST cDNA and from the BglII genomic clone (exon 2 only). 
TM6 and TM7 are shaded and numbered. Potential phosphorylation sites by PKC (0) are 
indicated. A potential palmitoylation site (+) located in the carboxy terminus is indicated. 
Amino acids are numbered on the left, and nucleotides are numbered on the right. The three 
letter code for amino acids is used. 



2 3 3  
net A s n  Ser T r p  A s p  Ala G l y  Leu A1a  G l y  

CAGCGGGCGCGCACC ATG AAC TCG TGG GAC GCG GGC CIG GCG GGG CIG CIG GTG GGC ACA ATC 
1 7  1 2 9 6  

Leu E i s  Ser N a  A s p  Ile 
GGC Olli TCG CTG CTG TCC AAC Gff i  CTG GTG CTG CTC TGC CTC CTG CAC AGC GCT GAC ATC 

5 7  1 1 6  
G l n  Arg G l n  P m  Ala G l y  A n p  

GTG GTC Me ATG CCA CTA ACA CTG GCC GGC GTC GTG GCA CAA CGG CAG CCG GCC Gff i  GAC 

9 7  5 3 6  

,t!n . .  asp ~ r g  T r p  v a l  Ala v a l  v d   he ~m leu Ssr Tyr ~ r g  Ala 
ATG GCC GCG CTC AGC ATC G X  CGC TGG GTG GCT GTG GTC TlV CCG CTG AGC TAC CGT GCC 
1 1 7  4 5 9 6  
Ly l i  W e t  Arg Tsu Arg A s p  Ala Ala Phe 
AAG ATG CGC CTC CGA GAT GCC GCC m ATG cn; GCC TAC ACG TGG CTG CAC GCG CTC ACC 
1 3 7  6 5 6  

G l y  Phe H i s  O l n  Leu Tyr Ala Ser C y s  
TIC CCG GCC ACC GCO CTC GCC CTG TCC TGG CTC GGC TIC CAC CAG CTG TAT GCC TCG TUJ 
1 5 7  7 1 6  
~ h r  mu c y e  ser ~ r g  ~ r g  P m  ~ s p  ~ l u  ~ r g  mu ~ r g   he Ala v a l  ~ha~s@~'bl@@~ 
ACG CTO TGC AGC CGG CGG CCC GAC GAG CGC CTG CGC TIT GCT GTC TTC A X  AGC GCC TIC 
1 7 7  5 7 7 6  

L y a  V a l  m u  
CAT GCG m AGC m CTG CTC TCC TIC ATC GTG CTC TGC m ACG TAC CTC AAG GTG CTC 
1 0 7  e16 -- ... 
L y n  V a l  Ala Arg Phe M i s  C y a  L y s  lug Ile A s p  V a l  Ile T h r  Met G l n  T h r  Leu V a l  Leu 
AAG GTG GCC CGT TIC CAC TGC RRG CGC ATC GAC GTG A X  ACC ATG CAG ACG CTC GTO CTG 
2 1 7  8 9 6  
Leu V a l  A s p  Ile EXB Pro S e r  V a l  Arg G l u  Arg C y a  Leu G l u  G l u  G l n  L y a  Arg A r g  lug 
'ITA GTO GAC ATC CAT CCC AGT GTG AGG GAA CGA TGT CTG GAG GAA CAC AAG CGG AGG COO 
2 3 7  0 6 --." 9 5 6  
~ l n  lus Ala ~ h r  L y e  ~ y a  -1e~a1yiphGEiZ-TWhc- 
CAG CGT GCC ACC AAG AAG ATC AGC ACC m ATA GGG AX m CTC GTO TGC m GCA ccc 
2 5 7  1 0 1 6  

8 . f a u ~ Y ~ l u  Leu Pha Ser T h r  Ala P m  Ile Asp Ssr E i s  T r p  o l y  
TAT GTO ATP ACC AGG CTO GTG OM CTC m TCC ACA GCA ccc A'IT GAC TCA CAC TGG GGT 
2 7 7  .. 1 0 7 6  
6 
GTG CTC K C  AAG TGC TIC GCC TAC KC AAG GCT GCT M GAC CCC TIC GTG TAC TCC TIC 
2 9 7  . 0 1  1 1 3 6  
=Arg  E i e  G l n  T y r  Arq Arg Ser C y s  Lyys G l u  Leu Leu A s n  Arg Ile Phe A s n  Arg Arq 
m CGA CAC CAG TAC CGC AGG AGC TGC AAG GAG m CTG AAC AGG ATC m ARC AGA CGC 
3 1 7 0  1 1 9 6  
See Ile E i a  Ser V a l  G l y  Leu T h r  G l y  A s p  sex R i s  ser G l n  A a n  Ile Tsu Pro V a l  ser 
TCC A'IT CAC TCT GTG GGC CTC ACA GGI' GAC TCT CAC AGC CAG AAC A m  CIG CCA GTG TCG 
3 3 7  1256 - - ..-- 
G ~ u  S t O p  
GAA TGA AGGACAGCTCTCCTGTniWjGAG'ITCAGRATGAGGTGGCCAGAGCAGAGGGAG~GTCTGffiACTCCTGG 

1 3 3 4  
GTGGACAGGAACTGCCACCATTGKTGGCGAlTORCATGATGCTGATGTCTGAACMGATC~GGGCCTGC~GGG 

Fig. 36. Nusleotide and translated amino acid sequence of rat GPR26. The putative 
transmembme domains are shaded and numbered. A consensus sequence for 
phosphorylation by PKC (0) present in the predicted third intracellular loop and two present in 
the carboxy terminus are indicated. A potential palmi~oylation site (+)located in the carboxy 
terminus is indicated. Amino acids are numbered on the left, and nucleotides are numbered on 
the right. The three letter code for amino acids is used. 



N-linked glycosylation were located within any of the extracellular domains (Fig. 36). Three 

potential sites for phosphorylation by PKC were located within the third intracellular loop 

(Thr240) and carboxyl terminus (See04 and Ser317) (Fig. 36). Other serine and threonine 

residues located within the carboxy terminus may serve as sites for phosphorylation by GRKs 

(Fig. 36). A cysteine (Cys305) residue in the carboxy terminus may serve as  a cite for 

palmitoylation (Fig. 36). Of note was the presence of a conserved aspartic acid residue 

(Asp%) within TM3 and a serine residue (Serl80) within TM5 (Fig. 36), at the analogous 

positions to the aspartic acid and serine residues present in TM3 and TM5, respectively, in 

catecholaminergic receptors, that have been shown to be important in ligand binding (Strader et 

al., 1994). 

The amino acid sequence encoded by GPR26 was compared with sequences within the 

GenBank database. GPR26 was most closely related with the serotonin 5-HT5B receptor 

(28% overall), followed by the It:stamine H2 receptor (==25% overall), the muscarinic M3 

receptor (~23.6% overall), and the serotonin 5HT5A receptor ( ~ 2 3 %  overall). The identities 

within the TMs are approximately the same as the respective overall identities. An amino acid 

comparison with these GPCRs is shown in Fig. 37. 

111 an attempt to identify a ligand which binds to the receptor encoded by GPR26 a 1.1- 

kb ApP-BgllI fmgment, encoding the entire coding region in addition to 31 bp of 5' and 129 

bp of 3'-untranslated sequences, was inserted into the expression vector pcDN.43 for ligand 

binding studies. Binding studies were performed on membranes prepared (35 pg to 80 

pghembrane protein) from COS-7 cells transiently expressing the receptor encoded by 

GPR26. Receptors were labeled with [3H]spiperone (0.1 nM and 10 nM) and displaced with 

diverse range of agonists including 10 pM dopamine, noradrenaline (NA), serotonin (5-HT). 

melatonin, GABA, histamine, morphine, (+) and (-) ppp, (+) and (-) butaclamol, YM09151-2, 

or  raclopride; [3H]WB4101 was displaced with NA; [3H]baclofen (GABA, agonist) was 

displaced with bicuculine; [3HJhaloperidol was displaced with (-) ppp and haloperidol; 





[3H]LSD was displaced with 5-HT. No specific binding was detected with any of the ligands 

used. 

A construct encoding GPR26 was sent to Dr. Kevin Lynch at the University of 

Virginia, who is interested in cloning and identifying lysophosphatidic acid (LPA) receptors. 

LPA is a serum-bome phospholipid that activate a specific GPCR to evoke multiple cellular 

responses (Mwlenaar et al., 1997). GPR26 was stably expressed in human myeloid K562 

cells, acell type that has a null phenotype for LPA mediated responses (calcium mobilization; 

c10 pM LPA). LPA and its analogues, N-oleoyl ethyl phosphate and N-palmitoyl L-serine 

phosphate (L-NASPA), but not sphingosine I-phosphate, caused a robust increase in calcium 

levels in GPR26 expressing K562 cells with ECSOs of 0.5, 0.5, and 10 pM, respectively. 

MAP kinase activation was activated by these compounds with the same EC50 values, an effect 

that was insensitive to pertussis toxin treatment The concentrations of these compounds 

required to evoke these responses is quite high and this suggests that, although, clearly, LPA 

can act as an agonist at GPR26 in K562 cells, LPA might not be the cognate ligand for 

GPR26. A novel related phospholipid molecule might be the endogenous ligand for GPR26, 

and this is currently under investigation. 

(i) Tissue distribution analysis 

A northern blot containing poly(A)+ RNA isolated from several rat brain regions and 

tissues was prepared and probed with a fragment encoding GPR26. High levels of a single 9- 

sb GPR26 mRNA tmnscript w& observed in rat striaturn, pons, cerebellum, frontal cortex, 

and cortex (Fig. 38). Lower expression levels of GPR26 mRNA transcripts were detected in 

thalamus (Fig. 38). GPR26 mRNA transcripts were not detected in any of the rat peripheral 

regions examined, including heart, liver, lung, testis, spleen, kidney, intestine and skeletal 

muscle (data not shown). 

In-situ hybridization experiments on rat bnin sections were performed to obtain a more 

comprehensive bnin expression pattern for GPR26 mRNA (Rg. 39). GPR26 mRNA was 



Fig. 38. GPR26 tissue distribution analysis in rat. A Northern blot of poly(A)+ W A  (10 
pgtlane) isolated from the rat tissues indicated was prepared and probed with a radiolabeled 
fngment encoding rat GPR26. The molecular weight is indicated on the right. 



Fig. 39. In situ hybridization analysis of GPR26. Autoradiograms of saggital (top) coronal 
(bottom) sections of mt brain showing the localization of GPR34 mRNA probed with a 
radiolabeled fngment encoding mt GPR26. Shown are representative sections. (CA, field CA 
of Ammon's horn; CP, audate putamen; DG, dentate gyms; VMH, ventromedial 
hypothalamic nucleus; h4T, medial thalamic nucleus; SNC, substantia nign compacta; FP, 
frontal parietal cortex; F, frontal cortex; ENT, E, entorhinal cortex; CG, cingulate gyms; OT, 
olfactoty tubercle; IC, the islands of Calleja). 



abundantly expressed in many areas of the cerebral cortex, such as the anterior cingulate 

(limbic) area, fmntoparietal cortex, somatosensory cortex, posterior limbic area and the 

piriform cortex The distribution of m,WA among the layers of cortex was not uniform being 

mostly concentrated in layers 1-3 (Fig. 39). GPR26 mRNA was also very richly expressed in 

the olfactory tubercle, the islands of Calleja, ventromedial nucleus of hypothalamus, substantia 

n i p  compacta, medial thalmic nucleus, medial septal nucleus, paranigral nucleus, GPR26 

mRNA is also expressed in the retrosplenial area of cortex, the ventral tegmental area, the 

entorinal cortex (Fig. 39). The hippocampus also expressed GPR26 mRNA, most abundantly 

in the CA2 and CA3 regions of Amnon's horn, with much lesser amounts in the dentate gyms 

(Fig. 39, top). High levels of GPR26 mRNA were observed in the substantia nign compacta 

(Fig. 39, top). The caudate putamen contained GPR26 mRNA only in the most caudal regions 

of the nucleus, with a decreasing gndient of expression from the dorsal to the ventral aspect. 

3.3.2 Cloning of GPR32 and GPR33 and related pseudogenes 

From our search of the dbEST we identified a mouse EST (clone ID 5753 13; GenBank 

Accession Number AA125130) encoding a novel GPCR most closely related with the 

chemoattractant receptors using the C5a receptor as the query sequence. The EST fragment. 

named GPR33, was sequenced in its entirety, and was found to contain a consensus sequence 

for an initiation IIIethionine (Kozak, 1989), preceded by an upstream in-frame stop codon, 

followed by an ORF of 1020 bp encoding a 339 amino acid protein (Fig. 40). 

The mouse EST G P R ~ ~  was used to screen a human genomic libmy under low 

stringency hybridization conditions, essentially identical to those used previously (Marchese et 

al.. 1994). except the washing conditions were modified as follows: 45'C for 15 min in a 

solution containing 2 x SSC and 1% SDS. A single phage clone was isolated and after 

restriction digestion and Southern blot analysis a7-kbp Sac1 fragment was isolated. Sequence 

analysis revealed that it encoded the human orthologue of mouse GPR33, with an initiation 

methionine followed by an ORF of 417 nucleotides intempted by the presence of a stop codon 



in what corresponds to the second inIracellular loop (Fig. 41). A comparison of the mouse and 

human nucleotide sequences at this region indicated that the mouse cDNA contained a codon 

for arginine (CGA) residue (see Fig. 40). whereas in human the fiat nucleotide of the ccdon 

was substituted to a T, changing it to a stop ccdon (see Fig. 41). Overall, the nucleotide 

identity between mouse and human GPR33s was 80%. To investigate whether or not the base 

substitution in the human gene was due to cloning a variant of GPR33, we amplified this 

region from several individuals by PCR and subjected the products to sequence analysis. The 

sequence from four unrelated individuals all contained the same basepair substitution leading to 

the presence of a stop codon, indicating that GPR33 is a pseudogene in human, and is thus 

referred to as qGPR33 (data not shown). A pseudogene is defined as segment of DNA that 

has sequence identity with a functional gene but which does not encode a functional protein. 

We also isolated another fragment encoding a receptor displaying identity with the 

formylpeptide receptors, which was used to screen a human genomic library in order to isolate 

a full-length gene. Three phage clones were isolated, and after restriction, Southern blot and 

sequence analyses it was determined that two of the clones were identical, but different from 

the third clone. A 10-kbp Xhol fragment, named GPR32, isolated from the third clone, 

contained a consensus sequence for a putative initiation methionine followed by an open 

reading frame of 1071 nucleotides encoding a 356-amino acid protein (see Fig. 43). A 

comparison of the sequence from the other two clones, named 74GPR32, with GPR32 revealed 

a 93% identity at the nucleotide level, indicating that we had isolated a closely related gene to 

GPR32. qGPR32 contained a'frameshift in the region of the gene corresponding to TM6 

caused by a four nucleotide basepair deletion relative to GPR32, leading to the introduction of a 

premature in-frame stop codon, likely precluding it from encoding a functional receptor (Fig. 

42). To determine whether qGPR32 encoded a polymorphic variant or a pseudogene we 

examined the genome of four unrelated humans by PCR using primers designed to specifically 

amplify qGPR32. Each individual examined contained the same four basepair deletion 

demonstrating that qGPR32 is a pseudogene (dam not shown). 



A comparison of the sequencc e n d e d  by GPR32 and GPR33 with sequences within 

GenBank revealed greatest identity to the chernoattractant receptors. The receptor encoded by 

GPR32 shares 39% identity with formylpeptide receptor FPR1, 35% with formylpeptide 

receptor-like 2 (FPRU), 35% with orphan receptor Dez, and 34% with formylpeptide 

receptor-like 1 (FPRL1). The receptor encoded by GPR33 shared 35.5% identity with orphan 

receptor Dez, 33% with FPRL2,32% with FPR1,31% with FPRL1, and 35.6% identity with 

the receptor encoded by GPR32. A comparison beh~t%n GPR32 and GPR33 and selected 

receptors is shown in Fig. 43. 



. --. 
net M p  Lau Ile A m  Ser Ser 

C A C T G T G G C A T C C C A G A C T ~ ~ G A C A C R O C T C R i A G G T M ~  ATG GAT TIG ATC AAC TCC K C  
8 V V 182 - - 

T h r  Bia V a l  Ile A m  V a l  Ser T h r  Ser Leu T h r  A m  Ser T h r  G l y  V a l  P m  T h r  P m  N a  
A C T C A T G T Q A E I \ A T G T G T C C A C C T n ; T T A A C A A A C A G C A C T G G T G T T C C A A C T C C T G C C  

48 302 
~ r p  net mu G l n   he L y s  net G l n  Arg T h r  V a l  Aan 

GU: CTC TAT CTA TGG ATQ cm CM m AAG ATG CAA AGG ACT GTC AAT m CIT %-PA m 
68 2 362 

T h r  Ser 
TIC CAT CTC ATS CTC TCC TAT m ATT m ACA no ATT cn; ccc TIC ATG GCC ACC TCC 
88 422 
Phe Leu G l n  A s p  A s n  Bis T r p  V a l  Phe G l y  Ser V a l  Leu C y s  L y a  
TIC CTT CAG GAC AAT CAC TGG GTC m mcw AGT GTC TIG TGC MA GCC TIC ARC AGC ACC 

-- ~ - 

T y r  Leu Ile Leu His P m  V a l  T r p  Ser G l n  G l n  Xis 8I9 T h r  Pro Bia T r p  Ala ser Arg 
TAC CTC ATT CTT CAT CCA GlG TGO TCC CAG CAG CAC CGA ACC CCA CAC TGO GCT TCC CGG 

168 662 
Hie ASP ASP Hia L y e  ~ l y  ~ r g  Ile ~ y s  c y s  G l n  A a n  A m  ~ y r  Ile val ser ~ h r  

ACA ACA CAT GAT GAC CAC AAA GGA AGA ATT AAA TGC CAG ART AAC TAC ATT GTQ TCC ACT 
1SS 722 
A s p  T r p  G l u  Ser  L y s  G l u  Bia G l n  T h r  Leu G l y  G l n  T r p  Ile His A h  Ala C y e  Phe V a l  
GAC TGG GAG AGC AAA GAG CAT CAA ACA CTA GU: WLR TGG ATT CAT GCA GCC TOT m GTC 
208 5 782 
G l y  Arq m i L e s -  
GGC CGC m no cn; GGT TIC CTT CTG CCT TIC CTP GTC AX AX TIT XX' TAC MA CGA 
228 842 
grn- L y s  net L y s  G l u  L y e  G l y  Leu P h e  L y e  See Ser L y s  Pro P h e  L y s w  
~ n ;  GCC ACC AAG ATG AAA GAG AAG GGA CK m AAA KC AGC AAG ccc TIC AAA GTC ATQ 

268 962 
V a l  Leu T h r  L y e  Ser G l n  P m  leu P m  Leu Hia leu T h r  Leu G l y  
GTC CTC ACT AAG AGT CAG CCA TTA CCT m CAC TTO ACA CTG GGA CTT GCA GTG GTG ACT 
288 7 1022 

G l u  A s n  Phe L y a  
A T T T C T m ~ A C T G n ? G I T T C T C C T G T T C R : T A T C T A T I C A C T G G G 0 ~ G ~ T I C A A G  
308 1082 
V a l  Phe L y s  L y a  Ser Ile Leu N a  m u  Phe A m  S e r  T h r  Phe S s r  A s p  11s Ser Ser T h r  
GTT TIC AAG AAA TCT ATT CIT GCP CK m AX TCA ACA TIC AGT GAT ATC TCT TCC ACA 
328 1142 
G l u  Arg T h r  G l n  T h r  Leu A s n  Ser G l u  T h r  ~ l u  Ile Stop 
GAR AGO ACA C M  ACC CTG AAC X A  GAR ACT G M  ATP TAA ATTCTGGATCCTTTGGGTGGGAGAGAT 

1209 
GGCTCAGTQATTAAGAAATCC~GC~~MTTGGM~CAGTTCCCMCACTCATATATGTCTATIVLCCCCCAG 
TCCCTAGGAATCCAGCArrrPCATC?ljACCK:CATGGGCACCCCCATGCACATMGAGACACACACCCGTQTACAGGM 
T M T A A h R m A T A T T m R M R R T A A A C ~ T G A R X C T T M A T ~ G C O G C C b C M G C T  

Fig. 40. Nucleotide and translated amino acid sequence of mouse GPR33. The sequence 
was obtained from mouse EST with clonelD 575313. The underlined arginine residue in the 
predicted second intracellular loop is located at the analogous position as the stop codon in the 
human (pGPR33 (see Fig. 41). The putative transmembrane domains are shaded and 
numbered. Potential N-linked glycosylation, sites (V) are indicated. Amino acids .e 
numbered on the left, and nucleotides are numbered on the right. The three letter code for 
amino acids is used. 



net A s p  Leu Ile As" sar T h r  
5.- ~ A T T T K I \ e n ; r r m c A c n : C A C l U j G T E A I T  ATG GAT no A m  AAC M m 

8 - 60 
A s p  T y r  L e u  Ile A s n  N a  sor T h r  Leu V a l  Arg A s n  S e r  T h r  G l n  Phe Leu Ala P m  Ala 

TAC ClG ATC AAT GCC TCT ACT I T A  GTA AGh AAC AGC rn CAG TlT CTA GCT CCT GCA 
28 1 120 

TCA M ATG A'LT ATP GCC CTT TCC 7IC TAC ATT TCA T.3 ATA ATP GCT ACC ATC ACC ?.AT 
48  180 

-Trp V a l  Leu Arg Ph. L y o  M e t  L y a  G l n  T h r  V a l  A s n  T h r  
G G C C T C T A T m A T G G G T G m A A G h m A A G A T G m m r n m m T m ~ m A m  
sn 

88 300 
G l n  Isu G l n  A s p  A s n  His T r p  A s n  Phe G l y  T h r  Ala Leu C p  L y s  
CAA CTP WVL GAC AAT CAC TGG AAC m GGA ACT GCC ~ n ;  TCC AAG GX m IUT GGC ACT 
108 3 360 

A a P  rn T y r  
TIC ~m CTG GGG ATG m ACC TCT GTP m m CIT m GCC AX GGT CTP GAT CGT TAC 
128 420 
Leu L e u  T h r  L e u  His Pro V a l  T r p  S e r  G l n  G l n  His * T h r  P m  Arg T r p  Ala Ser S e r  
CTP CTC ACT CTP CAC CCA G W  TGG TCC CAG CAG CAC ACC CCG CGC TGG GCT W C  AGC 

480 

A l T  G X  ClE GGA C X  TGG A m  TCA GCC GCT GCC CTC AGC A S  CCC TAT TIC ATP TIC AGA 
167 540 

nis Hie A s p  Arg L y a  G l y  L y s  V a l  T h r  C y s  G l n  A s n  A s n  T y r  Ala V a l  Ser T h r  
GAG ACA CAT CAT GAC CGT AAA GGA A4G GTG ACT TGC C M  AAT ARC TP.T GCT GTG TCT ACT 
187 690 --- 
A s n  T e p  G l u  S e r  L y s  G l u  Met G l n  Ala Ser A r g  G l n  T r p  Ile H i s  V a l  Ala C y e  Phe Ile 
AAC TGG GAA AGC A4G GAG ATG C M  GCA X A  AGG CAG TVI A l T  CAT GTG GCC TGT TIC A X  
207 5 680 
sor ~ r g  -u-s--- - 
AGC CGC TK TIC CTG GGC m CTP cm CCT TIC TIC AX AX AX m TGT TAT GAA AGA 
227 740 

-Lye V a l  Lys G l u  Arg S e r  Leu Ph. L y s  S e r  S e r  L y s  P m  Phe L y a  
GTA GCC AGC AAG GTG AAA GAG AGO AGC CTG m AM TCC AGC AAG ccc m AAA GTP AATG 

267 860 

u A s n   he ~ y s  
ACT TCT m AAT ACT ATC m ~n ccc ACA cn: TAC TTA m GIT GGG GAG AAT TIC RAA 
307 on" --- 
L y s  V a l  Phe L y o  L y s  ser Ile Isu Ala Leu Phe G l u  Ser T h r  Phe Ser G l u  A s p  Ser S e r  
A A G G X T R : A A G A A G T C C . A I T C T T G C T C l E m G A G ~ A C A m A G T G R R G A T M T C P  
327 l n d o  

V a l  G l u  Arg T h r  G l n  T h r  S t o p  
GTA GAP. AM ACA CAA ACC TAAAcTrAGARGCCTAA 

Fig. 41. Nucleotide and translated amino acid sequence of human 'pGPR33. The underlined 
nulcwtides within the second intncellular loop represents the in-frame stop codon (*). The 
putative uansmembrane domains are shaded and numbered. Amino acids are numbered on the 
left, and nucleotides are numbered on the right. The three letter code for amino acids is used. 



net  A s n  Ala 
GffiGACCAGGGCTGCAGTOAUGGCMCCRiGGGCCCTGAULCMkCj~lTCCPGmU\DGAAG ATG M T  GCT 
4 . 100 
ser Arg C y s  U u  ser F l u  01"  Val G l y  ser Leu Arg 
r r C A W L T U : C T G m G A G G G M G T G G G G T C C C T C C G C C C P C P A A C C A T G G m n c C T G T C T  
24 1 160 

T r p  Val T h r  V d P h e  A e g  
GCC TCC m GTC nc GWL GTG CTG GGC MT OW CTG GTG CCG TGG GTG ACP GTC m CGC 
44 2 220 
net Ala Arg T h r  Val ser T h r  
ATG GCC CGC A- GTC m ACC GE n;c mc m cnc cn; GCC crr GCC W.T m ATG nc 
64 280 

Tyr Tyr Ile Val Ser Arg G l n  T r p  Leu Leu G l y  G l u  
TCA CTG TCT CTG CCC ATC CTC GTO TAC TAT A I T  GTC TCC AGG CAQ TGG CTC GGA GAG 
84 3 340 
T r p  M a  C y a  Lys 
T G G G C C ~ ; ~ A R R C T C T A C A C C G O P ~ ~ ~ ; ~ ~ ~ . ~ A ~ : ~ ~ ~ A ~ A A C ~ ; ~ C T C  
1 0 4  
~~t 

400 
w i t -  ~ s p  ~ r g  c y r  rle ser val m u  Tyr P m  val ~ r p  ~a u u  A s n  
cm GTC CTC AX nr om GAC cm TGC AX TCT GTC TAC ccc GTC TGG GCC CTG ARC 
124 4 460 
Uis Arg T k  G l u  G l n  Arg Ala Ser T r p  
CAE CGC ACT GAQ CAG ~ f f i  GCG AGC TGG m GCC m OW GTG TGG CTC cn; GCC GCC GCC 

520 
l u g  L y a  T r p  Asn G l y  c y s  net Gin c y s  
lTG 7' ' TCT GCG CAC CTG AAA TTC CGG ACA ACC AGA AAA TGG AAT GGC TGT ATG CAG TGC 
164 580 
Tyr 1 G l n  Phe Asn Leu G l u  A s n  G l u  T h r  Ala G l n  net T r p  Thr G l n  G l u  Val Phe G l y  
TAC r r ~  CAO m ARC m GAG AAT GAG ~m GCC CM ATG TGG ACT CAQ GAG m m GM 
184 5 640 
Arg G l n  nes Ala Val Ile net Ala Eis 
AWL CAA ATG GCG GTG ATC ATG GCC CAC 

700 6 k . m  L y a  Leu Leu lug G l u  G l y  T r p  Val A i s  Ala 
ATA GGC ACC TGC GCC CAC CTC ATC CGG GCC AAG CTC TIG C M  GAG GGC TGG GTC CAT GCC 
224 
Asn Arg P m  L y s  Arg 
RAC C W  CCC AAG AGG 
243 

AAC CTG lTG G W  CAT CTG TGG C M  C f f i  GTG ATG CTC MO O M  TIC TAC CAC CCC 
263 
G l n  net Leu Leu Ile Leu G l n  

939 
Arg MP Phe G l n  G l u  L y a  Phe  he G l n  Ser m u  ~ h r  

C C G ~ C T C T A C G T C ~ G I T G G C A G A G A T ~ C M G M A A G ~ ~ C ~ T C P ~ T G A C T  
303 999 
ser Ala Leu Ala Arg Ala Phe G l y  01" 01" G l u  Phe Leu Ser See Arg ~m Arg ~ l y  A a n  
TCP GCC CT.3 GCG AGG GCG TIT GGA GAQ GAG GAG TlT CTO TCA XX: CGT CCC COP GGC ARC 
323 1059 
Ala P m  Arg F l u  atop 
GCC CCC CGG GAh TGA T G G ~ C m A G C R i G M G C T G G A K . C C ~ C ~ A G ~ C l T G T V X C T C ~ A C  

Fig. 42. Nucleotides and translated amino acid sequence of 9GPR32. The position of the in- 
frame stop codon is boxed and indicated with an asterisk. Translation of nucleotide sequence 
after the stop codons is relative to the functional counterparts. The predicted transmembrane 
domains are shaded and numbered. Amino acids are numbered on the left and nucleotides are 
numbered on the right. 





A northern blot containing poly(A)+ RNA isolated from several human brain regions 

and tissues was prepared and probed with a fragment encoding qGPR33. mRNA tmnscripts 

for 9GPR33 were not detected in human caudate putamen, thalamus, frontal cortex, and mid 

brain by Northern blot analysis. A mRNA transcript of 2.4 kb was detected in whole mouse 

brain by Northern analysis (data not shown). 

We were unable to detect mRNA transcripts for GPR32 in human liver, medulla, 

hypothalamus, amygdela, basal forebrain, frontal cortex, caudate-putamen, midbrain, 

thalamus, and hippocampus by Northern analysis when a fragment encoding GPR32 was used 

as a probe. Similarly, mRNA transcripts for 9GPR32 were not detected in human liver, 

medulla, amygdela, basal forebrain, frontal cortex, caudate-putamen, midbrain, thalamus, and 

hippocampus when a fragment encoding 9GPR32 was used as a probe. 

GPR32, 9GPR32 and 9GPR33 were assigned to a human chromosome by 

fluorescence in-situ hybridization (FISH) on metaphase spread chromosomes prepared from 

lymphocytes and probed with a biotinylated phage encoding each respective genomic structure. 

For each phage a total of 100 mitotic figures were analyzed, with the hybridization efficiency 

being 97% for the phage containing GPR32,97% for the phage containing qGPR32, and 94% 

for the phage containing 9GPR33. DAPI banding was used to identify the specific 

chromosome hybridizing to each probe, and a detailed position was achieved by summarizing 

10 photos. No additional loci were detected by FISH, allowing for the assignment of GPR32 

to chromosome 19q13.3, qGPR32 to 19q13.3, and qGPR33 to chromosome 14q12. 

3.3.3 Cloning of GPR34: Related to the P2Y4 receptor 

A human EST (cloneID 42j10, GenBank accession number H97311) partially encoding 

a novel GPCR was identified in the dbEST using thrombin (PAR-1) and P2Y receptors as 

query sequences. We amplified a fragment from human genomic DNA using oligonucleotide 

primers designed from the sequence of the 42j10 EST and used this PCR product to screen a 



human genomic DNA library, subsequently. a Skbp Sad-Xbal fragment, named GPR34, was 

subcloned and sequenced, and found to contain an unintermpted translational ORF of 1132 bp 

encoding a 376 amino acid protein. The ORF began with a methionine in the context of the 

initiation consensus sequence described by Kozak (1989) and was preceded by an in-frame 

stop codon (see Fig. 44). 

The deduced amino acid sequence encoded by GPR34 was used to query the GenBank 

database. GPR34 was found to be most closely related with several orphan receptors, 

including RSC338 (31% overall), RBintron (29% overall), GPR17 (27% overall), and 

GPR23 (26% overall). Within the predicted TMs, the identity with RSC338 was 42%. 41% 

with RBintron, 41% with GPRI7, and 38% with GPR23. Of the GPCRs for which a cognate 

ligand has been assigned, GPR34 was most closely related to the uridine nucleotide receptor 

E Y 4  (26% overall and 35% within the TMs). An alignment of GPR34 and the related 

sequences is shown in Fig. 44). 

The mRNA tissue expression pattern for GPR34 was determined by northern b!?t and 

b r  situ hybridization analysis. Northern analysis of human tissues revealed a single mRNA 

transcript in caudate, frontal cortex, putamen, thalamus and pons, and no transcripts in 

cerebellum, hippocampus, hypothalamus (Fig. 45). Northern analysis revealed high levels of 

two mRNA transcripts in several rat brain iegions including medulla pons, hippocampus, mid 

brain, striaturn, cortex, frontal cortex, and lower levels of both transcripts in the cerebellum, 

spleen, with even lower levels in the kidney (Fig. 46). No mRNA tmnscripts for GPR34 were 

detected in rat liver and intestind (Fig. 46). GPR34 is expressed also in peripheral tissues as 

evidenced by the tissue sources of the six EST cDNAs - white adipose, placenta, uterus, 

tonsillar germinal center B cells and fetal liverlspleen and retina. 

To obtain a more comprehensive expression pattern for GPR34 mRNA within the 

CNS, we performed ill-sitri hybridization experiments in rat brain (Fig. 47). In general, 





Fig. 45. GPR34 tissue distribution analysis in human. A Northern blot o f  poly(A)+ RNA 
(10 pdlane) isolated from the n t  brain regions indicated was prepared and probed with a 
radiolabeled fragment encoding GPR34. 
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T T T T T T T T T T T T T  
0 " P " ( $ ? j . 5 . 3 5 $ % $ 5 . @  % % $ $ P S  3 5  e - 6 ,  9 -9 

6 ~ . , , ~ ~ ~ ~ % % % . "  3 6, (0, 
% o  3 $ s  

3 s, 3. 
3 07. B- 

b % 3 

Fig. 46. GPR34 tissue distribution analysis in rat. A Northern blot of poly(A)+ RNA (10 
ygllane) isolated from the rat brain regions and tissues indicated was prepared and probed with 
a radiolabeled fragment encoding rat GPR34. 



Fig. 47. In situ hybridization analysis of GPR34. Autoradiograms of coronal sections of rat 
brain showing the localization of GPR34 mRNA probed with a radiolabeled fragment encoding 
rat GPR34. Shown are representative sections at levels relative to the bregma at 1.3 mm (left) 
and 2.8 mm (right), according lo the coordinates by Paxinos and Watson (1982). (AV, 
anteroventral thalamic nucleus; SO, supraoptic hypothalamic nucleus; SCH, suprachiasmatic 
nucleus; Pe, periventricular hypothalamic nucleus; LOT, nucleus lateral olfactory tract; CA, 
field CA of Ammon's horn; Pcg, post cingulate cortex; DG, dentate gym; MHb, medial 
habenular nucleus; PO, primary olfactory cortex; DMH, dorsomedial hypothalamic nucleus; 
VMH, ventromedial hypothalamic nucleus; Me, medial amygdaloid nucleus; Arc, arcuate 
hypothalamic nucleus). 



GPR34 is diffusely expressed symme~ically in the brain. High levels of expression were 

detected in the primw olfactory cortex, the supmoptic nucleus, nucleus lateral olfactory tmct. 

and the suprachiasmatic nucleus (Fig.47, top). Moderate, but diffuse, levels were observed in 

the antemventral thalamic nucleus and the periventricular hypothalamic nucleus (Fig. 47, top). 

High levels were also detected in Ammon's horn and the dentate gyrus of the hippocampus, as 

well as the medial habenular nucleus (Fig. 47, bottom). Moderate levels were observed in 

several hypothalamic nuclei, including the ventromedial, donomedial, and arcuate nuclei (Fig. 

47, bottom). 

FISH analysis was performed to determine the chromosome locus for GPR34. 100 

mitotic figures were examined, 92 of them showed signals on one pair of chromosomes and on 

a single chromosome. The chmmosomes were identified by DAPI banding, and the signals 

were further localized by superimposing the photogmphs of ten figures.from the FISH analysis 

and DAPI banding, resulting in the signals being assigned to chromosomes 4, region 4p12 and 

X chromosome, region Xp11.3 (Fig. 48). This is interesting because this suggests that a 

cioseiy related sequence to GPR34 exists in the human genome, possibly encoding a highly 

related pseudogene or a closely related gene, possibly encoding a receptor subtype. Since the 

genomic library screening resulted in the isolation of four positive phage clones, we examined 

them to determine whether they were different in sequence to GPR34. We subjected the phage 

DNA to PCRamplification using oligonucleotides designed based on the sequence of GPR34 

predicted to amplify the coding region and subjected the PCR products to sequence analysis. 

All were found to be identical, &d all corresponded exactly in regions of overlap to the six 

EST cDNAs, indicating that we describe here only one of the hvo genomic structures predicted 

to exist based on the FISH analysis. 



Fig. 48. FISH analysis of GPR34. Shown is a representative photograph of the mitotic 
figures probed with the biotinylated phage clone encoding GPR34, and ideognms 
summarizing the results of the FISH analysis on the chromosomes indicated. Arrows point to 
the fluorescent signal on chromosome 4 and the X chromosome. Each dot represents the 
location of a fluorescent signal on the human chromosome indicated, probed with the phage 
clone encoding GPR34. 



4.0 DISCUSSION 

4.1 Summary Of Research Findings 

The cloning of the 8-opioid rFeptor provided an excellent opportunity to use homology 

cloning techniques to clone opioid receptor subtypes, in particular CI and K subtypes, and 

potentially closely related receptors. Since homology cloning techniques, such as PCR using 

degenerate oligonucleotides and database searching, have been used successfully to isolate the 

DNA sequences encoding many GPCRs (see Table 1). we decided to apply these strategies to 

isolate the DNA sequences encoding opioid receptor subtypes and related receptors. This led 

to the successful discovery of twelve novel GPCRs which I have reported in this Thesis (listed 

in Table 6). showing identity to adiverse range of receptors all belonging to the rhodopsin-like 

family of receptors, including, the opioidlsomatostatin (GPR7, GPR8, GPRl4), cannabinoid 

(GPR3, GPR6). P2Y (GPRZO, GPR34, GPR3.5). chemoattractant (GPRI: GPR30, GPR33), 

neuropeptide Y (GPR~O), and serotonin (GPR26) receptors. I have also reported the cloning 

and ligand assignment of a uridine nucleotide receptor, representing the P2Y4 subtype of P2 

receptors. 

Our goal of isolating novel receptors related to the opioid receptors was achieved with 

the discovery of GPR7 and GPR8, two novel closely related receptors defining a novel 

subfamily as indicated by the high identity they share, but also closely related to the opioid and 

somatostatin receptors (approximately 40% to 50%). A third receptor, GPR14 was most 

closely related to GPR7and GPR8 and the somatostatin receptors, but does not belong to the 

same family as indicated by the'low identity it shares with GPR7 and GPR8 (approximately 

30%). We also isolated the DNA sequence encoding the K-opioid receptor from a hippocampal 

cDNA library (see Table 2). however, in pamllel PCR experiments conducted in our laboratory 

using caudate cDNA, the F- (Zastawany et al., 1994) and K-opioid (George et al., 1994) 

receptors were cloned. The PCR amplification of genom'ic DNA did not lead to the isolation of 

the DNA sequence encoding the opioid receptors, because subsequently it was revealed that the 



genes encoding the opioid receptors contained inlrons (Zaki et al., 1996). and thus could not 

have been delected under the conditions used here. 
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TABLE 6: Summary of receptors reported in Thesis. 
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At present, only the three major opioid receptor subtypes as defined by classid 

pharmacology, p, 6,  and K, have been cloned (Zaki et al., 1996). With many GPCR 

subfamilies, for example the dopamine and muswrinic receptor subfamilies, homology cloning 

has led to a proliferation of receptor subtypes, however, homology cloning of opioid receptors 

has not led to a proliferation of receptors beyond those defined by classical pharmacology. 

Homology cloning as applied to the opioid receptor subfamily has, however, led to the 

discovery of several novel closely related receptors. Both GPR7 and GPR8 are excellent 

examples, in addition another example is the opioid receptor-like orphan receptor ORLl 

(Mollemu et al., 1994). which shares more identity with the opioid receptors than either 

GPR7 or GPR8 (67% vs. 53% within TMs), but surprisingly also failed to bind opioid 

ligands. ORLl was not isolated in our PCR experiments because like the opioid receptors, the 

gene encoding ORLl contains an intron in the region being amplified and thus could not have 

been detected under the conditions used here. As with GPR7 and GPR8 it was predicted that 

the endogenous ligand for ORLl was a novel undiscovered peptide. The availability of this 

orphan receptor spurred a successful search for the endogenous ligand demonstrating that 

orphan GPCRs provide an excellent and unique opportunity for isolating novel endogenous 

ligands. Stable cell lines expressing ORLl were tested for their ability to respond to tissue 

extracts in agonist response assays, ultimately leading to the isolation of a peptide, called 

orphanin FQ (and nociceptin), which displayed limited identity with the endogenous opioid 

peptide dynorphin (Reinscheid et al., 1995; Meunier et al., 1995). Similar approaches to 

identify the endogenous ligands' for GPR7 and GPR8 are currently on going in collaboration 

with Dr. Olivier Civelli whose group discovered orphanin FQ. 

Our experiments also led to the discovery of sevenl other novel GPCRs, however, 

these were more closely related to receptors other than the opioid receptors, but nevertheless 

just as intriguing. Two of these receptors, GPR3 and GPR6, shared high amino acid identity 

with each other defining a novel family, which is also comprised of another member, GPRl2 

(Edne et al., 1991). The high identity that members of this family share with each other 



suggest that they share a common endogenous ligand. Of the known receptors, members in 

this family are most closely related to Ihe cannabinoid receptors, however, they are unlikely to 

bind any of the cannabinoid ligands, at least as indicated by the negative data with a 

pharmacological analysis of GPR6 (Song et al., 1994). suggesting that it is likely that these 

orphan receptors bind a yet to be discovered endogenous molecule. 

Another intriguing receptor that we successfully isolated, GPRIO, was most closely 

related with the neuropeptide Y receptors, however, it did not bind neuropeptide Y, indicating 

that it was not a neuropeptide Y receptor subtype. In efforts to identify the endogenous ligand 

for this receptor, a cell line stably expressing this orphan receptor was tested in agonist 

response assays to biological extracts from hypothalamus (Hinuma et al., 1998). After several 

fractionation steps the active components, two overlapping peptides of 30 and 20 amino acids 

in length, were isolated which caused the release of arachidonic acid (Hinuma el al., 1998). 

This discovery serves to highlight the success and importance of reverse pharmacology, 

whereby bioactive substances are identified based on knowledge of the receptor. 

We also successfully isolated the DNA sequences encoding novel GPCRs (GPRI, 

GPR30, GPR32, GPR33) most closely related to the chemoattractant receptors, although the 

identity is low (approximately 30% to 35% overall), and distantly related to each other. We 

also identified a pseudogene of GPI732, called cpGPR32, and that the human orthologue of 

mouse GPR33 is a pseudogene. None of the known chemoattractant peptides bound to GPRl 

and GPR30, therefore it is possible that the natural ligands for these receptors have yet to be 

discovered. Recently, it has been shown that GPRl can act as a co-receptor for entry of SIV 

into cells (Farun et al., 1997). therefore suggesting that GPRl may become a potential target 

for the treatment of AIDS. Thus discovering small molecules that could potentially block the 

use of GPRl as a co-receptor is of great importance due to its potential as a therapeutic target 

We also successfully isolated the DNA sequences encoding novel GPCRs 

(GPR20.GPR34and GPR35) most closely related to the F2Y receptors, although the identity 

is low (approximately 30% overall). In collaboration with Dr. John Turner we have 



successfully identified one of our orphan receptors as a P2Y receptor subtype (Nguyen et ah., 

1995). This orphan receptor conferred to cells a calcium mobilization response upon 

stimulation with uridine nucleotides, but not adenine nucleotides, and was subsequently 

renamed the PZY4 receptor (Nguyen et al., 1995). We have shown that GPR20 is not a F2Y 

receptor subtype, and future experiments will be conducted to determine whether GPR34 and 

GPR35 encode P2Y receptor subtypes. 

GPR26 was distantly related to serotonin receptors, however, GPR26 stably expressed 

in human myeloid K562 cells responded to LPA to induce calcium mobilization and MAP 

kinase activation, albeit at high concentrations (ECM 0.5 yM). The high concentrations 

suggest that GPR26 does not encode an LPA receptor, but most likely is a receptor for a related 

lipid phosphoric acid mediator. 

4.2 Opioid Related Receptors: GPR7, GPR8 and GPR14 

Our PCR experiments were successful in the sense that we isolated two receptors 

closely related to the opioid receptors, GPR7 and GPR8, and like the opioid receptors, are 

closely related to the somatostatin receptors. Interestingly, both GPR7 and GPR8 define a 

novel family of receptors as revealed by the high identity they share (62% overall), which 

suggests that they share the same endogenous ligand. A third member of this novel family may 

also exist, as revealed by the ASH analysis experiments for GPR8, however, the third PCR 

experiment with primers P5 and P6 was unsuccessful in isolating the DNA sequence that 

corresponded to the cross-hybridization signal observed in the FISH analysis experiments of 

GPR8. This would argue against the presence of another GPR8 related sequence in the human 

genome. We also isolated another receptor, named GPRl4, that is most closely related to the 

somatostatin receptors and GPR7and GPR8 although the identity is only approximately 30%. 

therefore, it does not correspond to the cross-hybridizing signal. During the progress of this 

work another student in the laboratory was successful in the isolation of a fourth gene, 



GPR24, that encoded a receptor that was most closely related to the somatostatin receptors 

(Kolakowski et al., 1996). 

A general property of GPCRs is that receptors that bind a common endogenous ligand 

will show more identity to each other than they will to any other receptors, like receptors bind 

like ligands, therefore the obvious ligands to test first when attempting to assign a ligiind to an 

orphan receptor are ligands that bind to the nearest neighbour. In the case of GPR7 and 

GPR8, ligands that bind to the opioid and somatostatin receptors were the obvious choices to 

test, however, both failed to bind any known opioid peptides, as well as somatostatin. 

cortistatin (a recently identified endogenous peptide thought to be the cognate ligand for sst3). 

and orphanin FQ (the dynorphin related peptide shown to be the cognate ligand for ORL1). 

We also attempted to detenine whether seved non-selective opioid ligands, including 

[3H]naloxone, [3H]bremazocine, and [3H]diprenorphine, could bind to membranes prepared 

from COS-7 cells transiently expressing GPR7 and GPR8, however, no specific binding was 

detected with any of these ligands. This is in contrast to data obtained by Dr. Mark Scheideler, 

a collaborator, who showed that membranes prepared from BHK cells stably expressing GPR7 

bound [3Hlbremazocine as defined in the presence of levorphanol. This difference may be 

explained by the fact that in their stSudy GPR7 was expressed in BHK cells, as opposed to 

African green monkey COS-7 cells described here, suggesting that BHK cells may be more 

permissive to expression of GPR7 than COS-7 cells. 

At present the cognate ligand for GPR7 and GPR8 is not known, but it is expected to 

be a peptide, that may be related to the opioid peptides. GPR14 only distantly related to 

GPR7 and GPR8, is related to the somatostatin receptors, but since the identity is low 

(approximately 30% overall), it is unlikely that GPRI4 encodes a somatostatin receptor 

subtype, however, an unequivocal answer will have to await until a pharmacological analysis is 

conducted. The endogenous ligand for GPR24 has also not been assigned, therefore, we 

predict that at least three additional peptide ligands await discovery. Currently, these receptors 

are part of intense studies to search for the endogenous ligands by testing biological tissue 



extracis in agonist response assays in collaboration with Merck-Frosst and Co., Dr. Olivier 

Civelli, at the University of California, at Irvine. whose group discovered the endogenous 

ligand for the opioid receptor related orphan receptor ORLl (Reinscheid el al., 1995). and Dr. 

Masashi Yanagasawa, at the University of Texas Southwestern Medical Center at Dallas, 

whose group discovered the orexin peptides (Sahxrai et al., 1998). 

Tissue distribution studies have revealed that both GPR7 and GPR8 are discretely and 

differentially expressed in the brain. GPR7 is expressed in several brain tissues including the 

frontal cortex, pituitary, hypothalamus and striatum. It appears that GPR8 expression overlaps 

with GPR7 expression only in the human frontal cortex, and not in any of the other regions 

examined including the hypothalamus. Since GPR7 is expressed in the hypothalamus it does 

suggest that it is involved in some neuroendocrine function, however, a precise physiological 

role will have to await the discove~y of the endogenous ligand. Interestingly, the gene 

encoding GPR8 is absent in mouse and mt genomes, however, it is present in the labbit 

genome. Why the gene is absent in the closely related rodent species, mouse and rat, and 

presumably functionally present in the related rabbit species and in human is not immediately 

obvious. This scenario is not completely unique within the GPCR family, as a compamble 

situation has been described for the neuropeptide Y Y6 receptor. The Y6 gene was found to be 

present in monkey, mouse, dog, cow, rabbit and chicken, but completely absent in rat 

(Burkhoff et al., 1998). The DNA sequence encoding the Y6 receptor is also present in 

human, however, it is a pseudogene, whereas in mouse it is functional (it is not known if the 

Y6 receptor is functional in the other species). 

To determine whether we could endow GPR8 with an opioid binding pocket, we 

replaced single and multiple residues l0w.ted within some of the TMs with the analogous 

residues found in the yopioid receptor. A similar approach was conducted with the opioid 

receptor-like 1. Although ORLl displayed high identity to the opioid receptors (greater than 

50% ovenll) it was unable to bind opioid ligands, however, single amino acid replacement 

experiments demonsfrated that ORLl could be endowed with the ability to bind opioid ligands 



(Mollereau et al., 1996; Meng et al.. 1997; Meng et al., 1998). indicating that ORLl can form 

an opioid binding pocket. However, point mutations created in TM3, TM6 and TM7 failed to 

endow GPR8 with the ability. to bind [3H]bremazocine, [3H]naloxone, and 

[3H]diprenorphine. We believed that such studies would help discern which residues GPR8 

uses to exclude the binding of opioid ligands, and in addition would help reveal information 

about the opioid binding pocket in the opioid receptors. Although a limited number of ligands 

were assayed here, it does suggest that the residues mutated in GPR8 might not contribute to a 

generic opioid binding pocket, and also that GPR8 is incapable of forming an opioid binding 

pocket, however, other interpretations might explain the negative data For example. GPR8 

could form an opioid binding pocket, but other residues present in GPR8are preventing opioid 

ligand binding to GPR8. If this is correct, then mutating additional residues to make GPR8 

look more like an opioid receptor might eventually endow GPR8 with an opioid binding 

pocket Other residues present in TM4, TM5, and TM7 of the opioid receptors have been 

shown to contribute to the opioid binding pocket that are not conserved in GPR8 (Claude et al., 

1996, Befort et al., 1996; Mansour et al., 1997). These residues could be incorporated into 

GPRS, and the experiments repeated, but the risk of destroying the structural integrity of the 

receptor increases as more mutations are made, thus such experiments may be impossible to 

perform, unless the expression and insertion of the GPR8 receptor into the plasma membrane 

are monitored with antibodies before ligand binding studies are perfomed. This might also 

explain the reason for the negative data, since we did not monitor the expression and insertion 

of the GPR8 receptor mutants into the plasma membrane in the experiments reported here. 

Alternatively, it is conceivable that the GPR8 mutants that we created can form an opioid 

binding pocket, but it was not detected with the limited number of ligands used here. We 

performed radioligand binding assays with only three structurally related opioid ligands, 

further testing with a larger repertoire of opioid ligands from different classes might eventually 

lead to discovering a ligand that can bind to these GPR8 mutants. Since many opioid ligands 



might not be available radiolabeled therefore, it might be more prudent to test ligands in agonist 

activation assays. 

4.3 Identification Of The P2Y4 Receptor: Successful Ligand Identification 

In collaboration with Dr. John Turner we successfully demonstrated that one of our 

orphan receptors, named the P2Y4 receptor, preferentially bound UTP (Nguyen et al., 1595). 

Activation of this uridine nucleotide receptor resulted in increased inositol phosphate formation 

and calcium mobilization (Nguycn et at., 1995). The successful identification of the ligand for 

this receptor senres as an excellent example of reverse pharmacology, stressing the success of 

orphan receptor cloning stntegies and subsequent ligand identification. Another P2 receptor, 

the P2Y6 subtype, is also activated by uridine nucleotides, but it is also activakd by adenine 

nulcoetides (Communi and Boeynaems, 1997). Currently eight P2 receptors have been 

identified (seeTable 1). 

The PCR experiments and database searching also led to the discovery of novel 

receptors, GPRZO, GPR34 and GPR35, that are most closely related to the P2Y receptors, 

although the identity is only approximately 30%. and they show less than 30% identity to one 

another. We have successfully identified the endogenous ligand for one of the orphan 

receptors isolated fmm these PCR experiments. In collabontion with Dr. John Turner, one of 

our orphan receptors was shown to preferentially bind uridine nucleotides, and was 

subsequently renamed the P2Y4 receptor (Nguyen et al., 1996). We demonstrate that GPRZO 

does not encode a functional nucleotide receptors. Although GPR34 contains two charged 

basic residues (His279 and Arg282) within TM6 located at analogous position to the HXXR 

motif proposed to be important in P2Y receptors for agonist potency, GPR34 does not contain 

the charged basic residue within TM7 that is essential for agonist activity (Jiang el al., 1997). 

For GPR35, only one charged basic residue (His234) is located in TM6 and the charged basic 

residue in TM7 is not present. Taken together, this suggests that GPR34 and GPR35 are 



unlikely to be PLY receptor subtypes. However, an unequivocal answer will have to await 

until this is demonstnted experimentally. 

The RSH analysis data indicated that for GPR34, two different chromosomes 

hybridized to the probe, suggesting the presence of DNA sequences related to GPR34 in the 

human genome, however, in the case of GPR34, the hybridization frequency was the same for 

both chromosomes (X and 4). thus an unambiguous assignment to one of the two 

chromosomes was impossible. An approach similar to that conducted with GPRl and GPR8, 

using PCR amplification of human genomic DNA with degenerate oligonucleotides, may be 

employed in order to isolate the DNA sequence related to GPR34. 

4.4 A Novel Fanlily Comprised Of GPR3, GPR6, And G P R l 2  

Although we were particularly interested in opioid receptor subtypes and opioid related 

receptors, as GPR7 and GPR8, we also identified, as is typical with PCR at reduced 

stringency and database searching, a number of additional intriguing receptors. We discovered 

a novel family of receptors, comprised of GPR3, GPR6 and GPRI2, that is most closely 

related with the cannabinoid receptors, but does not bind any of the cannabinoid ligands, 

including the endogenous cannabinoid anandamide (Song et al., 1994). This discovety 

suggests that a novci endogenous ligand, perhaps structurally related to anandamide, might be 

the cognate ligand for this family of receptors forming a novel neurotransmitter system, with 

novel implications in the genetics of drug abuse. 

The tissue distribution analysis has shown that this family of receptors is expressed 

predominantly in the brain, although low levels of GPW tnnscripts were detected in some 

peripheral regions. It appears that GPR6 is expressed at higher levels than either GPR3 and 

GPRl2, as northern analysis was not sensitive enough to detect transcripts encoding GPR3 

and GPR12 (Iismaa et al., 1994; Eggerickx et al,. 1995). which might relate to a difference in 

function of these receptors. This difference in expression might also relate to a difference in 

developmental expression of this family of receptors, the data suggesting that perhaps GPW 



and GPRl? are expressed at very early stages of development, and might explain why the 

levels in the adult were at very low levels. The pattern of mRNA tissue distribution suggests a 

function of these receptors in learning,and memory (hippocampus, cortex), and might posses a 

novel function in neuroendocline secretion in the hypothalamic-pituitary axis. At present we 

can only speculate as to the function of these receptors, hence further work to determine the 

precise physiological role of each of these receptors awaits the discovery of the endogenous 

ligand. 

It is most likely that the endogenous ligand for this family of receptors remains to be 

identified. thus these receptors expressed in cell lines can be used as targets for the discovery 

of their endogenous ligand. Although, the natural ligands for many oGPCRs are predicted to 

be peptides, the endogenous ligands for many others, including GPR3, GPR6and GPR12, are 

most likely to be small molecules, and since they are most closely related to the cannabinoid 

receptors, for which the endogenous lipid anandamide has been shown to bind (Devane et al., 

1992). therefore by estension we can predict that the endogenous ligand for these receptors 

might be an unknown lipid molecule. Novel endogenous lipid molecules can be isolated from 

tissue extncts assayed for their ability lo stimulate oGPCRs as measured in agonist response 

assays. Although, anandamide was predicted to be the endogenous molecule for the 

cannabinoid receptors (Devane et al., 1992). recent evidence has cast doubts on this notion, 

leading researchers to search for other endogenous cannabinoids. A ligand isolated from dog 

intestine and chmcterized as sn-2 mchidonylglyceml (2-AG), was found to bind to 

cannabinoid receptors and exert several effects typical of mabinoid drugs (Mechoulam et al., 

1995). Subsequently, by analyzing lipid extracts of rapidly frozen rat brains using gas 

chromatognphylmass spectrometry (GCIMS) this molecule was shown to be present in the 

brain as well, at levels 170 times that of anandamide (Stella et al., 1997). This molecule was 

shown to bind to the brain cannabinoid receptor CB1 with high affinity, suggesting that it is an 

endogenous ligand for cannabinoid receptors although the affinity is quite low (Stella et a]., 



1997). This novel endogenous ligand is also an excellent candidate molecule to test on GPR3, 

GPR6, and GPRIZ. 

An interesting feature of the re,ceptors within this novel family is that although most of 

the conserved residues and motifs located within theTMs and domains of most GPCRs appear 

to be conserved, however, a notable exception is the absence of a cysteine residue in the first 

extracellular loop, which is in nearly all GPCRs, and is thought to form a disulfide 

bond with the conserved cysteine residue located in the second extracellular loop (Savarese and 

Fmer, 1992). Mutations of these analogous cysteine residues in the rhodopsin receptor led to 

improper folding and insertion of the receptor into the plasma membrane, therefore these 

residues may be required to maintain the receptor in the correct conformation for processing 

and membrane insertion (Kamik et al., 1988). Interestingly, the cysteine residue in the first 

extracellular loop is also absent in the cannabinoid receptors, CBl and CB2, and these 

receptors display no abnormal processing and membrane insertion (Matsuda et al., 1990; 

Munro et al., 1993). Therefore, the disulfide bond formation between the first and second 

extncellular loops might not represent a global GPCR phenomenon, and the absence of the 

cysteine residue in the first extncellular loops of GPR6 (and its paralogues GPR3 and GPRI2, 

see below), and the cannabinoid receptors reflect a group of receptors that have adapted 

without it. 

4.5 Receptors Related To Chemoattractant Receptors: G P R I ,  GPR30,  

GPR32,  And G P R ~ ~ '  

Our PCR and database searching experiments also led to the isolation of sevenl 

receptors related to the chemoattnctant receptors (30% to 35% with the formylpeptide 

receptors) (see Table 7). including GPRI, GPR30, and GPR33, however, each shows less 

than 30% identity to one another. Another receptor related to GPRI was predicted to exist 

based on the FISH analysis data for the gene encoding GPRI. Our attempts to identify the 

DNA sequence encoding this putative receptor were unsuccessful resulting in the design of the 



second PCR experiment using primers P3 and P4 designed based on the conserved sequences 

encoding TM2 and TM7 of GPRl and the related C5a anaphylatoxin receptor (see Fig. 27), to 

amplify human genomic DNA at sevepl annealing temperatures, however, the DNA sequence 

responsible for the cross-hyblidizing signal was not isolzted. It is possible that the second 

hybridization signal observed with the FISH analysis of GPRl was a false positive, or 

hybridization to a second locus could have been due to the presence of other DNA sequences 

present in the phage clone (approsimately 20 kb insert) that was used as a probe. 

Since GPRl is related to the chemoattnctant receptors, cells stably expressing GPRl 

were tested for their ability to bind several peptide chemoattnctant agonists, including C5a, 

C4a, and C3a anaphylatoxins, and formylpeptide, however, no specific binding was detected. 

Several chemokine ligands were tested for their ability to bind to GPR30, however no specific 

binding was detected (Owman et al., 1996). Since both GPRl and GPR30 are related to the 

chemoattractant receptors, and also GPR32 andGPR33, speculatively, their cognate ligands 

may be novel peptides related to the known chemoattnctant peptides, or perhaps related to the 

leukotrienes. 

Interestingly, the receptor encoded by GPRl was found to be a co-receptor for viral 

entry into cells for certain strains of SIV (Farran et al., 1997). Other GPCRs belonging to the 

chemokine receptor family, including CCRS, CXCR4and CCW have been shown to be major 

co-receptors for entry of HIV into cells (Littman, 1998). In addition, two chemokine like 

orphan receptors, STRL33 and GPR15, have also been shown to be co-receptors for HIV 

entry into cells (Littman, 1998): GPR15 was isolated by our laboratory and reported as a 

chemokine receptor-like orphan recepror (Heiber et al., 1996). Interestingly, GPRl does not 

appear to be a co-receptor for infection by seven1 HIV strains ( F m n  et al., 1997). An 

intense search for small molecules that bind to GPRl and other chemokine receptor-like orphan 

remptors, in addition to the known chemokine receptors, is on going, with the aim of 

discovering novel compounds that are able to block virus entry into cells, so that they may 

ultimately be used as thenpeutic agents in the treatment of AIDS. 



The tissue distribution studies revealed that GPRl mRNA transcripts were detected 

exclusively in the human hippocampus, and was not detected in rat brain, possibly reflecting a 

difference in function between these two species. GPR30 transcripts were detected in many 

different brain regions at high levels, and GPR33 mRNA transcripts were detected in mouse 

whole brain. The precise physiological role of these receptors is difficult to predict based on 

their tissue distribution, but it does suggest that they must have a role in the central nervous 

system, however, an unequivocal answer will have to await the discovery of their endogenous 

ligands. Their relationship with chemoaltractant receptors, however, does suggest a function 

in chemotaxis and therefore it will be interesting to discover whether these receptors are 

expressed in blood cells, where they may play a role in leukocyte trafficking. 

An intriguing difference between human and rat GPRl orthologues exists. Most of the 

residues are conserved between the two GPRl orthologues (human and rat), however, the 

motif sequence following TM3 (see Fig. 1). which is important for receptor activation, is 

different in the two orthologues (Marchese et al., 1994). Human GPRl contains a D-H-Y 

motif (see Fig. 21), and rat GPRl contains the more conserved D-R-Y motif (see Fig. 22). 

Although, different versions of this motif exist between receptors in the same species, it is 

invariable between orthologous receptors (Probst et al., 1992). The importance of the D-R-Y 

motif is illustrated with the vasopressin V2 receptor. A mutation of the D-R-Y motif of the 

vasopressin V2 receptor to D-H-Y leads to a receptor that is unable to signal properly, and is a 

cause of nephrogenic diabetes insipidus (Rosenthal et al., 1993). Although, this example is 

not completely analogous to the' GPRl species motif difference, it does suggest that this 

difference may account for a difference in function between the two orthologues, however, an 

unequivocal answer will have to await until the cognate ligand for GPRl is identified, so that 

this can be tested experimentally. 



4.5.1 Pseudogenes: rpGPR32 and rpGPR33 

In mouse the DNA sequence encoding GPR33 contains a full-length translational ORF, 

however, in human the DNA sequence encoding GPR33 contains an incomplete ORF 

interrupted by a premature stop codon. We examined the genome of four unrelated 

individuals. which revealed that all four contained the same stop codon, indicating that GPR33 

in human is a pseudogene, and that we had not isolated a variant form of the gene. The in- 

frame stop codon occurs in the predicted second intmcellular loop, encoding a tnmcated 

receptor with only three TMs, which presumably would be non-functional. Thus a gene 

inactivating mutation has occurred in the human gene rendering it inactive, or a pseudogene. 

The precise reason for this is not immediately apparent, but if the endogenous ligand for the 

functional receptor the mouse GPR33 gene encodes is a peptide, it will be interesting to 

determine if the orthologous gene encoding that peptide is present in human. It is possible that 

GPR33 has remained functional in lower species and lost its activity in higher species, thus it 

will be interesting to determine when in evolution this occurred. As mentioned above, the gene 

encoding the neuropeptide Y y6 receptor encodes a functional receptor in mouse whereas in 

human the orthologue is a pseudogene (Gregor et al., 1996; Rose et al., 1997). This 

pseudogene encodes a truncated receptor due to a single basepair deletion within the part of the 

gene encoding for TM6 leading to an in-frame stop codon and a prematurely terminated 

receptor that is non-functional (Gregor et al., 1996). 

We also have discovered another human pseudogene, (pGPR32, and we also describe 

the functional human counterpan, GPR32, as determined by the high sequence identity they 

share (approximately 90%). indicating a recent gene duplication event Pseudogenes are not 

uncommon within the GPCR family. Our laboratory has previously reported the discovery of 

two closely related pseudogenes, (pD5-1 and (pD.5-2, of the dopamine D5 receptor gene 

(Nguyen et al., 1991) and a pseudogene, (pSHTlD, of the serotonin IHTID receptor gene 

(Nguyen et al., 1993). We proposed a mechanism of gene duplication of the D5 receptor gene 

involving repetitive sequences in the untnnslated regions giving rise to one pseudogene, and a 



subsequent gene duplication of the first pseudogene giving rise to the second pseudogene 

(Marchese et al., 1995). In contrast to the dopamine D5 receptor and its pseudogenes, which 

are located on different chromosomes, GPR32 and its pseudogene, are located on the same 

chromosome at the same region (19, q13.3), indicating that a tandem gene duplication event 

occurred, however, further experiments are required to determine the precise mechanism of 

gene duplication of GPR32 that gave rise to qGPR32. 

4.6 Ligand For GPRlO Has Been Discovered By Reverse Pharmacology 

GPRlO was most closely related with the neuropeptide Y2 receptor, but it failed to bind 

neuropeptide Y. However, recently it has been shown that the cognate ligand for GPRlO is a 

novel peptide called prolactin releasing peptide (Hinuma et al., 1998). GPRlO stably 

expressed in cells was used as a target to test hypothalamic tissue extracts, ultimately leading to 

the isolation of two overlapping peptides derived from the same precursor hormone (Hinuma et 

al., 1998). These peptides, which do not share any identity with known peptides, are made in 

the hypothalamus and act in the pituitaly to cause the release of prolactin and have hence been 

named prolactin releasing peptides (Hinuma et al., 1998). Further studies with respect to 

tissue distribution of the peptides is required, and also to determine what other functions this 

novel receptodpeptidergic system plays in the CNS. This illustrates the powerful and unique 

approach of orphan receptors in reverse pharmacology, as biological targets for the discovery 

of novel endogenous molecules. 

4.7 Lysophosphatidic Acid (LPA) Binds To GPR26 

An interesting receptor, GPR26, was identified in a search of the EST database, 

displaying less than 26% identity with any of the known GPCRs, although it was most closely 

related to the serotonin receptors. An expression construct encoding GPR26 was sent to Dr. 

Kevin Lynch at the University of Virginia, who is attempting to identify candidate LPA 



receptors. GPR26 stably expressed in human myeloid K562 cells induced calcium 

mobilization and MAP kinase activation, albeit at high concentrations (ECM 0.5 pM). The 

high concentrdtions suggest that G P F 6  does not encode an LPA receptor, but most likely is a 

receptor for a related lipid phosphoric acid mediator. An intense search for the endogenous 

ligand is currently on going in Dr. Lynch's laboratory. 

Sequence analysis has revealed that the genes encoding the novel receptors described in 

this Thesis are intronless within their tnnslational ORFs, with the only exception being the 

gene encoding human GPR26. Our data indicate that an intron interrupts the gene encoding 

GPR26, however, the size of this intron is not known, and nor is the complete genomic 

organization for this gene. We cloned the orthologue of GPR26 from a rat brain cDNA libnry 

in order to isolate the full-length translational ORE The intron in the human gene interrupts the 

translational ORF in what is predicted to encode TM6. Several other genes within the GPCR 

family are interrupted by introns within or near the predicted TM6, such as  the genes encoding 

the serotonin 5-HT6 (Monsma et al., 1993). adrenergic alB (Ramarao et al., 1992). and the 

prostanoid TX (Niising et al., 1993) and EP4 (Foord et al., 1996) receptors. However, none 

of these introns occurs at the exact analogous position within TM6 as in the GPR26 gene. 

4.8 Novel GPCRs Are Expressed In CNS 

Tissue distribution analysis has revealed that most of the mRNA transcripts encoding 

these receptors are found in the CNS, with the exceptions being GPRl4, GPR32 and GPR35 

(seeTable 6). A more comprehensive tissue distribution analysis will be required to determine 

in which tissues these receptors are expressed, including in situ hybridization of rat brain 

slices. The abundant expression of these receptors in the CNS suggest that they may play a 

role in many central processes, including learning and memory, emotions, homeostasis, and 

movement. 

For most of these genes, they appm to encode single mRNA transcripts, however, 

interestingly, while human GPR7 and GPR34 encode a single mRNA species, in rat both 



appear to encode two transcripts. What effect this species difference has is presently not 

known. Several reasons might explain the presence of multiple mRNA transcripts in the n t  

species however. For esample, although both GPR7 and GPR34 genes appear to have 

intronless translational ORFs, at the present time we can not rule out the presence of introns 

within the 5' or 3' untnnslated regions (UTRs). Alternatively spliced introns louted in the 

UTRs may account for the presence of the two transcripts. Alternatively, the two mRNA 

species can also be explained by the use of alternative transcriptional start sites andlor 

alternative termination signals. The presence of the two transcripts can also be the result of two 

transcripts from two distinct, but closely related genes, however, this would seem unlikely 

considering that the northern blots were washed at relatively high stringency. 

We also have shown that human GPRl is expressed in the human brain (hippocampus 

only) and that rat GPRl is not expressed in the hippcciunpus of other regions of the n t  brain. 

Similarly, human GPR34 is not expressed in human hippocampus but is in the rat. The effect 

of this differential tissue expression pattern between orthologues may have functional 

consequences, but an unequivocal answer will have to await further experimentation. We also 

examined GPRl expression in several n t  peripheral regions, revealing that n t  GPRl is 

expressed in heart, spleen and kidney. Interestingly, two GPRl mRNA transcripts were 

detected in kidney, while only one was detected in spleen, corresponding to the high molecular 

weight tnnscript observed in kidney, and one transcript was detected in heart, corresponding 

to the low molecular weight transcript observed in kidney. The explanations described above 

for the presence of GPR7 and G P M ~  multiple transcripts in rat may also explain the presence 

of the two GPRl transcripts observed in kidney. In addition, the presence of single transcripts 

in heart and spleen may due to a tissue specific expression pattern of a particular transcript or 

may represent two closely related genes differentially expressed in these tissues, and by 

inference, the two tnnscripts observed in heart would represent transcripts from these two 

different but closely related genes. This explanation would also be consistent with the two 

signals observed with the FISH analysis experiments conducted with OPRl in human. 



However, that fact that we were unable to detect any closely related DNA sequences to GPRl 

in the human genome with our PCR cloning studies would argue against this point. 

4.9 Bioinformatics: Identification Of DNA Sequences Encoding GPCRs 

GPR26, and GPR33, and GPR34 were identified from searching the publicly 

available dbEST maintained by the NCBI. We have also isolated other EST fragments 

encoding novel GPCRs including GPRl9 (O'Dowd el al., 1996). GPR21 and GPR22 

(O'Dowd et al., 1997). GPR27 (O'Dowd et al., 1998). The main advantage of database 

searching is that it is more sensitive than either of the standard molecular cloning strategies that 

exist The computer can detect sequences that are distantly related thnt otherwise would not be 

detected by low stringency hybridization or PCR cloning. For example, GPR26 is more 

similar to serotonin receptors than any other types of receptors, but the identity is low (less 

than 28%). such that no probes could have been designed based on the DNA sequences 

encoding known serotonin receptors, that would have led to the isolation of DNA sequence 

encoding GPR26, using standard molecular cloning techniques. 

The dbEST provides an excellent alternative for identifying novel sequences. For 

example, although we did not amplify the DNA sequence encoding GPR24 in our PCR . 

experiments, it was discovered through searching the dbEST (Kolakowski et al., 1996). The 

dbESTs have proved to be a rich source for discovery of DNA sequences e n d i s g  novel 

GPCRs, as some researches claim to have isolated 70 novel GPCRs from private dbESTs, in 

addition to those already cited in'the literature (Stadel et a!., 1997, Haseltine, 1997). Although 

the EST database is a valuable data set to search for novel sequences encoding GPCRs, it 

suffers from sevenl drawbacks. ESTs are subject to "expression bias" - the cDNAs from 

which the ESTs are derived are present in libraries in proportion to the abundance of the 

mRNAs in the tissues from which the library was prepared. Thus, genes expressed at very 

low levels are not likely to be found within the EST data sets, while abundantly expressed 

genes are over-represented. For EST efforts directed towards gene identilicition, this leads to 



undesirable redundancy. For esample, GPR7 and GPR8 are not represented in the EST 

database, while GPR34 is represented at least five times. Normalization methods have been 

devised to reduce the prevalence of cDNAs corresponding to abundant transcripts, and 

subtractive techniques, in which sequence-tagged cDNAs are used to identify and remove 

redundant clones from libraries, also offer the possibility of avoiding redundancy altogether. 

Yet, despite these efforts, redundancy is a general property or the current EST data sets. In 

contrast genomic DNA is not subject to this bias - genes are present once (excepting duplication 

events) in each haploid genome complement This has therefore made the high-throughput 

genome sequences database a valuable data set to search for the identification of novel GPCRs. 

4.10 Future Work: Methods For  Ligand Identification 

The paucity of endogenous ligands has spurred a s w c h  for novel endogenous 

molecules that may represent cognate ligands for oGPCRs (Stadel et al., 1997). Considering 

that 72 oGPCRs have currently been identified and that number is expected to increase to about 

200 over the next several years, it is clear that many new molecules have yet to be discovered 

(Marchese et al., 1998). Many oGPCRs have been tested for their relationship to seved  

known ligands in expression systems that have been permissive for known GPCRs (oocytes, 

HEK293, COS-7, K562. and CHO cells). Up until recently the methods used for the 

identification and chancterization of agonist ligands at GPCRs expressed in mammalian cells 

rely upon theanalysis of either guanine nucleotide exchange at the G protein a subunit or the 

assay of second messenger metaklites which are regulated as a result of G protein activation. 

As a result of the unreliability and difficulty in the interpretation of the traditional agonist 

response assays, other activation assays have been developed. For example, the melanophore 

expression system has proven to be a valuable system for assaying an agonist response 

because receptors that signal through the major, G protein-coupled effectors can be assayed 

using this method. Pigment dispersion or aggregation in frog melanophores is the response 

that is measured (Lerner, 1994). Increases in CAMP (Gas coupled receptors) lead to pigment 



dispersion causing darkening of the cells, while decreases in CAMP (Gailo coupled receptors) 

lead to pigment aggregation near the nucleus and make the cells appear clear (McClintock et al., 

1993). Also, receptors coupled to Gaq and the subsequent activation of PKC will lead to 

pigment dispersion and darkening of the cells (Graminski et al., 1993). Therefore, this system 

is valuable in that receptors that couple to different G proteins can be effectively assayed. 

However, the disadvantage is that these cells are frog cells and thus mammalian receptors may 

not always couple to the endogenous frog signal tnnsduction pathways. 

Fluorescent-pmtein biosensors can also be used to detect receptor activation. 

Tnnslocation of parrestin to the plasma membme after agonist mediated activation could be 

used as a measure of receptor activation (Bank et al., 1997). Using a parrestin-2lgreen 

fluorescent protein (pad-GFP) fusion protein and confocal microscopy, these researchers 

have shown that upon agonist stimulation, pad-GFP translccates to the plasma membrane, 

and this translocation can be enhanced by cc-expression of G protein-coupled receptor kinase-2 

(GRK2) in COS-7 cells. They have demonstrated this response with a variety of different 

receptors that couple to different G proteins and effectors, suggesting that the cellular 

visualization of the agonist-mediated tmnslocation of garr2-GFP provides a universal measure 

for detecting the activation of GPCRs (Bank et al., 1997). 

The use of the G protein Gal6 as a universal adapter can funnel the signal tmsduction 

machinery down a common pathway such that a common second messenger response can be 

measured for a given receptor, regardless of the G protein to which it would normally couple 

(Milligan et al., 19%). ~ktero16gous expression of Gal6 can allow coupling of a wide mnge 

of GPCRs to PLCp activity. For example, the p2-adrenergic receptor normally only couples 

to Gas, but when the p2-adrenergic receptor and Gal6  are transiently co-expressed in COS-7 

cells agonist-dependent stimulation results in inositol phosphate (IP) production (Offermanns 

and Simon, 1995). Cc-transfection of the f32-adrenergic receptor with either Gaq, G a l l  or 

Gal4  failed to reproduce these effects (Offermanns and Simon, 1995). Other receptors, CCP 

transfected with Ga16, linked to Gas (e.g. Dl dopamine, V2 vasopressin, and A2A 



adenosine receptors) or pertussis toxin sensitive Gai (e.g. acetylcholine M2AchR. serotonin 5- 

HTlA. formylpeptide FPRl, and 6-opioid receptors) also caused a concentration-dependent, 

agonist-mediated IP generation (Offermanns and Simon, 1995). Other receptors (e.g. TP 

prostanoid and V1 vasopressin receptors) which routinely couple, in physiologically relevant 

settings, to Gaq and Gal 1 to sdmulate IP generation, were also shown to couple effectively to 

G a l 5  and G a l 6  (Ollermanns and Simon, 1995). Although, many receptors have been 

shown to couple to Ga16, the chemokine receptor CCRl which can effectively couple to Gai 

and Gaq, does not couple to Gal6  (Ani and Charo, 1996). 

4.1 1 Conclusions 

Molecular cloning techniques, such as the PCR using degenerate oligonucleotides, and 

DNA sequence database searching, have facilitated the identification of DNA sequences 

encoding GPCRs and using these methods we have reported the discovery of twelve novel 

GPCRs in this Thesis. These GPCRs show identity to a diverse range of receptors all 

belonging to the rhodopsin-like family of receptors, including, the opioid/somatostatin (GPR7, 

GPR8, GPR14). cannabinoid (GPR3, GPR6). P2Y (GPR34 and GPR35), chemoattractant 

(GPR1, GPWO, GPR33). neuropeptide Y (GPRlO), and serotonin (GPk26) receptors. 

Some orphan GPCRs show more identity to each other than they do with known receptors, 

and clearly form novel families, including, the family comprised of GPR7 and GPR8, and that 

of GPW, GPR6, GPRl2. At the present time the endogenous ligands for these receptors have 

not been assigned, and we predidt that they are likely to be novel yet undiscovered molecules. 

Most of these receptors have been shown to be expressed in the centml nervous system, and 

we have reported [he chromosomal localization for each. The precise physiological roles of 

these novel GPCRs are not currently known and must await the discovery of their cognate 

ligands. 

Due to a paucity of known endogenous molecules to test on these oGPCRs, a shin 

from molecular cloning to the daunting task of ligand discovely is occuning. These receptors 



stably expressed in cell lines can be used as targets for endogenous ligand discovery (Civelli et 

al.. 1997). and in addition can prove to be excellent targets for drug discovery (Stadel et al., 

1997). In view of the number of orphan GPCRs that have been described here and those 

continuing to be cloned, it is expected that many novel molecules will be discovered via this 

approach in the near future. Unquestionably, this will result in a surge of our knowledge on 

the diversity in intercellular signaling mechanisms and should lead to novel insights on 

comples or current poorly understood human disorders. In conclusion, the discovery of the 

endogenous ligands will help determine the precise physiological role for each oGPCR and as 

the functions of these orphans are uncovered, they may become targets for the development of 

new therapeutics for diseases not previously considered amenable to pharmacological therapy. 
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